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SUMMARY 
Scale formation is one of the factors affecting the efficiency in thermal processes 
where the degradation of copper has made many heat exchangers fail. Acid cleaning 
is useful in desalination plants to reduce scale formation, but this will result in a lot of 
corrosion complications. In acidic solutions during the acid cleaning and descaling 
processes, the use of copper corrosion inhibitors is used to reduce the corrosion of 
copper. The effective performance of Polyvinylpyrrolidone (PVP) and 2-acrylamide-
2methylpropansulphonic acid (AMPS) as eco-friendly corrosion inhibitors have been 
attested for as monomers and not as a composite in acidic chloride solutions with an 
inhibition efficiency of 93.7%.  
 
A polyamine derivative 2-acrylamide-2methylpropansulphonic acid coupled with 
polyvinylpyrrolidone were synthesized by a solution polymerization method resulting 
in a water-soluble composite- Polyvinylpyrrolidone-2-Acrylamide-2-Methyl-
Propansulphonate Composite (PVP-AMPS). The polymer composite was successfully 
characterized using the Fourier Transmission Infrared Spectroscopy (FTIR), X-Ray 
Diffraction (X-Ray), Scanning Electron Microscopy (SEM) and Energy Dispersive X-
ray (EDX).  
 
The corrosion inhibition performance of PVP-AMPS was studied by monitoring the 
weight loss as the corrosion of copper and brass took place in 1M HCl. The 
experiments were carried out at different inhibitor concentrations, immersion times as 
well as temperatures. The adsorption isotherm models were used to evaluate the 
stability of the inhibitor film and the rate of inhibitor adsorption. The results revealed 
that the inhibition efficiency of PVP-AMPS increased with increasing concentration. 
The maximum inhibition efficiency (IE) of 79.19% and 80.26% for copper and brass 
respectively at an optimum concentration of 800ppm at room temperature were 
achieved. 
 
The lowest inhibition efficiency (IE) was observed at the highest temperature of 333K 
at efficiencies of 63.89% and 69.01% for copper and brass. The thermodynamic 
parameters of the adsorption of PVP-AMPS to the surfaces of copper and brass 
revealed that they were both physisorption and chemisorption with physisorption being 
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more dominant. The adsorption of the polymer composite PVP-AMPS on the surfaces 
of copper and brass obeyed the Langmuir isotherm.  
 
The inhibition performance of PVP-AMPS was further investigated by electrochemical 
techniques where potentiodynamic polarization (PDP) and electrochemical 
impedance studies (EIS) were used. The PDP studies revealed PVP-AMPS as a 
mixed type corrosion inhibitor with the maximum inhibition efficiency of 80% and 81% 
for copper and brass respectively. The maximum inhibition efficiencies of 75.4% and 
77.1% were obtained for copper and brass respectively from the EIS studies. 
Moreover, the adsorption of PVP-AMPS on copper and brass surface was confirmed 
by the increase of charge transfer resistance with the increase in inhibitor 
concentration. The Nyquist and Bode plots were used to explain the inhibition 
mechanism. The equivalent electrical circuits were also proposed. 
 
The obtained polarization measurements confirmed that the surfaces of copper and 
brass were protected by the formation of a copper-oxide and zinc-oxide film. The 
results from the Bode plots for copper and brass respectively showed that an increase 
in the corrosion inhibitor concentration improves the corrosion inhibition efficiency. The 
surface morphology of copper and brass in the absence of the corrosion inhibitor 
showed the presence of white bands which connote the formation of scaly corrosion 
products on their surfaces.  
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CHAPTER ONE  
1.0 Introduction    
Corrosion of metallic components has negative consequences on their performance 
and appearance. In many cases corrosion results in component failure and operational 
costs are increased [1]. The effect of corrosion costs billions of dollars per annum 
which results in major economic losses [2]. Corrosion processes are electrochemical 
in nature irrespective of the corrosive environment. The electrochemical process is a 
reduction-oxidation (redox) reaction. It involves metal oxidation which is accompanied 
by a corresponding reduction process which consumes electrons released from the 
metal surface [3] depending on the metals environment. 
 
Copper and its alloys are commonly used metals in industrial applications because of 
their incomparable electrical, thermal conductivity as well as excellent mechanical 
workability properties [4]–[6]. The corrosion of copper pipelines results in structural 
damages and human health risks which are caused by the release of copper-rich 
corrosion by-products in their dissolved form into drinking water [6]. During material 
selection for heat exchangers and boiler systems, copper alloys are used for their 
thermal and electrical conductivity, workability and good corrosion resistance [7]. 
 
There are two types of corrosion namely localized and uniform corrosion that take 
place during the corrosion of copper and copper alloys. Heat exchangers provide a 
long service life with no maintenance because there are no moving parts. The failures 
that occur in heat exchangers include both mechanically and chemically induced 
corrosion [8]. The failures in heat exchangers in water desalination plants result from 
the chemical interaction between the copper of the heat exchanger and the solutions 
dispersed through it. 
 
In corrosive environments, copper alloys with more than 15% of zinc are not only 
affected by general corrosion but by the process of dezincification. The process of 
dezincification involves the favoured dissolution of zinc that results in the formation of 
a soft mass of copper on the surface of the alloy [9].  
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Scale formation on the surface of boiler systems is one of the main causes of failure 
of the boiler thus having a severe effect on distillers for seawater desalination. Copper 
corrosion has been reported to be a less treatable problem in heat exchangers. 
Studies have shown that 25% of the losses experienced in gas and oil industries are 
due to corrosion [2] and these cost the gas and industry billions of dollars per year to 
rectify. Corrosion results in unprompted stoppages [10]. There is, therefore, a need for 
industrial acid cleaning, acid pickling and acid-descaling with the use of aggressive 
cleaning solutions such as the commonly used hydrochloric acid [11].  
 
Various technologies have been developed for the prevention and protection of metal 
components. The feasible methods that reduce and eliminate corrosion include the 
selection of suitable corrosion-resistant alloys [12]. Typical corrosion protection 
methods include the application of coatings, paints, cathodic protection and corrosion 
inhibitors [13]. Coatings are a widely used method of corrosion protection as they are 
easy to inspect and maintain, though, they are disadvantageous because they are 
prone to damage and therefore may not be appropriate where there is a high risk of 
wear.  
 
Various corrosion protection methods pose a limitation because they are not cost-
effective. Many scientists have had a concern with copper corrosion control which has 
sprung interest in the use of inhibitors (inorganic, organic compounds and their 
derivatives such as azoles, amines, and amino acids) [14]. In research, it has been 
analysed that the presence of heteroatoms such as nitrogen, sulphur, phosphorous in 
the organic compounds aids in the inhibitive characteristics of the inhibitors [15]. These 
heteroatoms advance the functionality in absorption processes and improve the 
inhibitive action of the inhibitor [11].   
 
During acid cleaning, there has been a dire need for the incorporation of corrosion 
control methods such as inhibition which is utilized for protecting metals against 
deterioration. Corrosion inhibitors are known to chemical substances that can reduce 
the rate of attack of a corrosive environment on the surface of a metallic substrate. 
The use of corrosion inhibitors in the reduction of the corrosion rate is of great 
importance in pipeline industries [2].  
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Seawater desalination structures require careful material selection those with high 
corrosion resistance. Corrosion inhibitors are the most economical and practical 
means of controlling metals in corrosive media. Copper corrosion inhibitors in acidic 
solutions greatly reduce the corrosion of copper during acid cleaning and descaling 
processes. The inhibition characteristic of many inhibitors is ascribed to their 
adsorption ability to the interface of the metal and the solution. The adsorption 
characteristics of corrosion inhibitors depend mainly on the certain Physico-chemical 
properties of the inhibitor’s structural features [15]. 
 
It is important to prevent copper against corrosion because of its wide range of 
applications and its good properties. The inhibition effectiveness of amino acids is due 
to their adsorption capabilities on the surface of copper substrates. Polyamine 
derivatives are known as inhibitors that in combination with high-performance 
neutralizing amine blends provide protection against both carbonic acid and dissolved 
oxygen corrosion. Generally, the polyamine technology provides oxygen corrosion 
protection in the heat exchanger systems by forming a film on the metal surfaces [16]. 
 
The use of polymer composites as corrosion inhibitors have shown good results and 
are believed to form metal chelation which is known for creating a protective layer 
(wall) from corrosive environments. The monomer 2-acrylamide-2-methylpropane 
sulphonic acid (AMPS) is widely used which involves the presence of a sulphonic acid 
group. It can easily become auto polymer or copolymer during manufacturing and can 
in return perform favourably in practical applications [17]. AMPS as a monomer has 
attracted much research interests more especially in water treatment because of its 
thermal and anti-hydrolytic stability.  
 
This research will focus on the application of an eco-friendly organic polymer 
composite as a corrosion inhibitor for copper and copper alloys in acidic medium. PVP 
and AMPS were through a process of synthesis used to prepare a polymer composite 
PVP-AMPS and applied to copper and brass at varying concentrations in 1M of a 
hydrochloric acid solution.  
 
 17 
 
1.1 Problem Statement 
Copper and its alloys are widely used in heat exchangers due to their good corrosion 
resistance and excellent heat conductivity. These structures require regular cleaning 
due to scale formation that lowers their heating abilities. Hydrochloric acid is often the 
medium used to descale these surfaces. Acid cleaning of the boiler systems has 
resulted in higher possibilities of stress corrosion cracking that over time resulted in a 
need to incorporate corrosion inhibitors. The precise monitoring of both corrosion and 
scale formation in the actual plants is essential for successful control and minimization 
of any arising problems from scale formed in water systems [18]. 
 
In this research, the development of cost-effective, efficient and eco-friendly inhibitor 
using polymer composite PVP-AMPS as a corrosion inhibitor is proposed. PVP-AMPS 
was carefully considered due to properties such as good corrosion resistance, thermal 
stability and excellent mechanical strength. The heterogeneous atoms Oxygen and 
Nitrogen have the strong ability to donate electrons, interact with the metal surface by 
means of adsorption resulting in high inhibition efficiency [19]. 
 
1.2. Research Questions 
1. Will there be a formation of a stable covalent bond between PVP and AMPS? 
2. To what extent will the polymer composite PVP-AMPS inhibit copper and its 
alloys? 
 
1.3 Aims and Objectives 
The aim of this research is to synthesize, characterize and investigate the inhibition 
efficiency of the polymer composite of Polyvinylpyrrolidone and 2-Acrylamide-2-
methyl-propansulphonate (PVP-AMPS) on copper alloys in 1M of hydrochloric acid 
(HCl). 
 
The following research objectives are expected to be fulfilled in this research: 
 
1. To synthesise and characterize the polymer composite  
a. (PVP-AMPS) 
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2. To characterize the synthesized polymer (PVP-AMPS) to determine the 
interaction between the composite and the metal surface  
 
3. To investigate the effect of the eco-friendly polymer composite as an inhibitor 
for copper alloys in the boiler during acid cleaning. 
 
4. To analyse the efficiency and corrosion mechanism of polymer composite PVP-
AMPS in 1M HCl. 
 
5. To evaluate the inhibitive action (extent of inhibitor adsorption) of the polymer 
composite PVP-AMPS on the surface of copper alloys. 
 
1.4 Scope of the Research 
This research seeks to synthesize by means of polymerization, characterize and 
investigate the effect of PVP-AMPS as a polymer composite for the corrosion inhibition 
of copper and its alloys (brass). Copper and brass are frequently used in condensers 
and heat exchangers because of their high thermal and electrical conductivity 
properties in conjunction with their workability, good corrosion resistance abilities to 
corrosion and macrofouling. PVP-AMPS was characterized by Fourier Transform 
Infrared Spectroscopy (FTIR) for the adsorption of the polyamine derivative to 
determine its interaction with copper and brass surfaces respectively. The effect PVP-
AMPS on copper and brass in an industrial acid HCl was evaluated using gravimetric 
studies that were used to study the corrosion rate, corrosion inhibition efficiency as 
well as the inhibitor adsorption onto the metal surface.  
 
To study the mechanism of corrosion inhibition and interaction between the copper 
and brass metal samples and the corrosion inhibitors-the surface analytical methods 
such as Scanning Electron Microscopy (SEM) were used to study the surface 
morphology of corroded surface in presence and absence of inhibitors. The interaction 
between the composite and the metal surface was studied by FTIR spectra. 
Electrochemical studies were used to study the inhibitory mechanism of the polyamine 
derivative PVP-AMPS with the use of potentiodynamic polarization and 
electrochemical impedance spectroscopy techniques. 
 19 
 
1.5 Justification of Research 
Copper and its alloys are subjected to several corrosion attacks depending on the 
environment [7]. With the water scarcity in the Western Cape, water desalination plays 
an important role therefore, it is important that there is less corrosion present thus the 
enhanced need to develop volatile corrosion inhibitors to reduce the corrosion. Copper 
and its alloys in aqueous solutions have attributed properties such as corrosion and 
resistance to biofouling, exceptional electrical and thermal conductivity as well as 
mechanical ductility. 
 
In desalination plants, the heating and evaporating processes of seawater are used to 
acquire distillate water which can be used in the generation of the stream and for 
drinking water. Studies have been conducted on the effect of PVP and AMPS on steel 
respectively, but literature has not studied the effect of the polyamine derivatives on 
copper and its alloys in desalination plants. Several inhibitors of copper corrosion in 
aqueous solutions such as Azoles, Schiff bases and plant extracts have been studied 
[20]. 
 
The monomer 2-acrylamido-2-methylpropane sulfonic acid (AMPS) is widely used 
which contains a sulphonic acid group [17]. The choice of polyamine derivative PVP-
AMPS is due to its ability to suppress the anodic corrosion reaction and render the 
corrosion potential to more positive values as well as cost-effectiveness. PVP-AMPS 
inhibits the corrosion process by blocking the active iron dissolution and it can stabilize 
the oxide layer. The effective performance of PVP and AMPS as eco-friendly corrosion 
inhibitors have been attested for individually and not as a composite in steel in acidic 
chloride solutions with an inhibition efficiency of 93.7% and not necessarily for copper. 
In acid solutions during acid cleaning and descaling, the use of copper corrosion 
inhibitors is usually to reduce the corrosion of copper [21].  
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CHAPTER TWO  
2.0 Literature Review 
In many heat exchanger operations, many problems are attributed to scale formation. 
The problems experienced due to the deposition of fouling impacts the economy and 
has become a serious concern. In the industry, there is still an absence of awareness 
measures which then results in corrosion consequences. This review will discuss the 
impact of corrosion and further discuss the methods for possible prevention and 
elimination. In many industries, the use of proper cleaning techniques and proper 
control measures aids in reducing the costs related to production which increase due 
to the use of chemicals for cleaning purposes and the maintenance of equipment [22].  
 
2.1 Fundamental Principles of Corrosion  
Corrosion is known as the decline in the integrity of a material due to its reaction with 
the environment. Corrosion occurs by a chemical or electrochemical reaction of the 
material with their environment leading to change in properties which causes failure 
[23]. Corrosion reduces the metals to their more natural forms. The corrosion products 
are resultants from the corroded substrate. Corrosion is classified into eight categories 
based on the morphology of the attack, as well as the type of environment to which 
the material is exposed [24]. Corrosion occurs wherever an active corrosive 
environment is present [25]. Corrosion is a common problem for various industries 
because it, directly and indirectly, influences running costs and safety. Most corrosion 
processes involve at least two electrochemical reactions (one anodic and one 
cathodic) as shown in Figure 2.1.  
 
 
 
Figure 2.1: Schematic diagram showing the mechanism of corrosion [26] 
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The corroding surface can be thought of as a short-circuited battery; the dissolution 
reaction at the anode supplies electrons for the reduction reaction at the cathode [27]. 
Corrosion can be categorized as chemical and electrochemical, high temperature and 
low temperature, wet corrosion and dry corrosion [28]. The process of metallic 
corrosion in aqueous solution is represented by equations 2.1 and 2.2: 
 
Mm  →  Maq
2+  + 2em
−             (oxidation)          (2.1) 
2Oxaq  + 2em
−  →  2Red(eredox
− )aq (reduction)        (2.2) 
           
Where: 
Mm =is the metal  
M2+ aq: hydrated metal ion in the aqueous solution, 
e− m: an electron in the metal, 
Oxaq: oxidizing agent 
Red (e−) aq: reducing agent; and  
e− redox: an electron in the reductant.  
 
The basic corrosion reaction can, therefore, be equated by: 
 
Mm + 2Oxaq   → Maq
2+ +  2Red (e−)aq   (2.3) 
 
The reactions represent the charge transfer processes that take place across the 
interface between the metal and the aqueous solution which makes them dependent 
on the potential of the electrode. The cathodic process is carried out by the reduction 
of hydrogen ions and the reduction of oxygen molecules in the aqueous solution. 
Equation 2.2 and 2.3 are electron transfer processes that occur across the interface 
of the metal and the aqueous solution, whereas anodic metal dissolution represented 
in equation 2.1 is the ion transfer process across the interface [29]. Typical types of 
localized corrosion in desalination plants are shown in Figure 2.2. 
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Figure 2.2: Types of localized corrosion that occurs in desalination plants [30]  
 
a) Galvanic corrosion 
Copper alloys regularly corrode preferentially when joined with high-nickel alloys, 
titanium and graphite. The high conductivity of aqueous solutions results in the 
formation of galvanic cells in the presence of anodic and cathodic sites which give rise 
to highly localized corrosion processes [31]. When the cathodic area is larger than the 
anodic area, galvanic corrosion is most likely to occur [7]. 
 
b) Crevice corrosion  
Crevice corrosion usually takes place in gaps or cracks present on the surface of a 
substrate and is known to as one of the most popular types of corrosion. This type of 
corrosion is known to as a localized form of attack on a metal next to the crevice 
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between two joining surfaces either metallic or non-metallic [32]. Crevice corrosion is 
influenced by the following factors: 
• material alloy composition, 
•  metallographic structure,  
• pH,  
• oxygen concentration, 
•  temperature and surface roughness.  
  
c) Pitting Corrosion 
Corrosion of metals and alloys by pitting establishes one of the very major failure 
mechanisms. This form of corrosion is one which causes pits on the surface of a 
substrate and pits to cause failure through a hole and cause stress corrosion cracks 
[33].  The pits that form grow with time during exposure to a corrosive environment. 
The growth of the pits is greatly influenced by the progression of the corrosion process 
and the surrounding environment [34]. Pitting corrosion is generally associated with 
the presence of anions in solution, particularly the chloride ion which creates 
vacancies in the metal matrix structure. Jiang et al [35] found that in a metal pitting 
corrosion occurs in three stages namely 
• pitting nucleation,  
• metastable pitting, and 
• steady-state pitting. 
 
Metals which can form passive films are more susceptible to pitting corrosion. Where 
its failure is caused by small percent weight-loss penetration of the entire metallic 
structure therefore, the breakdown of passivity causes pitting as observed by 
Akpanyung and Loto [36]. Factors responsible for the formation of pitting corrosion 
include: 
• The metallurgical characteristic and composition of the metal alloy; 
• The concentration of the electrolyte; 
• pH, and  
• Electrochemical factors affect the rate and nature of the pits. 
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d) Intergranular Corrosion  
This type of corrosion is known as the preferential attack of grain boundaries form the 
metal [24]. This type is corrosion is caused by the physical and chemical differences 
between the centres and edges of the grain boundary [37]. Intergranular corrosion can 
be avoided by the selection of stabilised materials [38] and by controlling heat 
treatment procedures [23]. 
 
e) Erosion corrosion  
This type of corrosion is caused by the movement between substrates and the 
corrosive media thus causing material deterioration. The presence of grooves and 
uneven patterns on the surface of a substrate depicts the occurrence of erosion-
corrosion usually caused by abrasion that takes places [39]. 
 
f) Stress Corrosion Cracking 
This type of corrosion involves the combined action of static tensile stresses which 
forms cracks, therefore, resulting in the detrimental failure of a component [40]. 
 
2.2 Corrosion Mechanism of Copper and Copper Alloys 
In aqueous solutions, metals corrode by an electrochemical process which results in 
metal loss due to the release of charged metallic ions and the production of electrons. 
In various environments, the corrosion rate of copper and copper alloys are usually 
controlled by the anodic and cathodic reaction on the surface of the metal substrate 
[41]. An anodic reaction is known to as one where electrons are released and for the 
corrosion process to take place, the released electrons must be consumed by the 
cathodic reaction simultaneously over the metal substrate in a corrosive environment 
[42]. In the mechanism of copper corrosion in aqueous solutions, the dissolution of 
copper takes place with the initial formation of an oxide layer [43] represented by 
equation 2.4. 
 
2Cu + H2O → Cu2O + H
+2e−   (2.4) 
 
Once the surface has been covered with the oxide layer, copper chloride is formed on 
the surface in the HCl solution by the reaction in equation 2.5. 
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Cu +  Cl−  →  CuCl +  e−    (2.5) 
 
In diluted sodium chloride solutions, cuprous chloride is soluble, and it reacts to result 
in the formation of cuprous oxide being the main contributory factor in scale formation. 
In the seawater, the cuprous oxide is oxidized to cupric hydroxide (Cu (OH)2). The 
primary cathodic reaction for copper corrosion. The reduction of oxygen in aqueous 
solutions results in the formation of hydroxide ions. Copper alloys are resistant to 
corrosion in seawater thus the formation of a passive protective layer which occurs 
naturally and quickly in exposure to the corrosive environment [44], [45]. This initial 
exposure of the copper alloy substrate in a corrosive environment is very important in 
the long run for the performance of copper alloys [7]. The formation of the passive 
layer reduces the corrosion rate of the alloy.  
 
Corrosion products are detrimental to the general sustainability of many boiler systems 
which affects their efficiency and productivity. To eliminate complications such as 
scaling in systems, the use of the effective acid cleaning is recommended which 
involves the use of acidic mediums such as hydrochloric and sulphuric acid (HCl and 
H2SO4) [46]. The absence of oxygen in any corrosion mechanism decreases the 
corrosion rate of copper [47]. Due to the formation of CuCl2 in HCl, the corrosion rate 
of copper is greater than that in H2SO4 −. 
 
In acidic solutions, the presence of oxygen results in an increase in the possibilities of 
corrosion on the surface of the copper substrate. With an increase in the oxygen 
content, the corrosion rate of copper and copper alloys decreases due to the protective 
layer on the surface of the copper substrate [48]. 
 
2.2.1 Corrosion in Boiler Systems 
The failure of boiler systems by corrosion attack results in unscheduled plant 
shutdowns, therefore, affecting productivity. Reduced reliability due to corrosion attack 
is one of the main problems in boiler systems which cost billions of dollars per year to 
rectify [49]. There are two common causes of corrosion in boiler systems, first, being 
that the metal in the affected region must be highly stressed. Secondly, the 
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concentration of the specific corrodent at the stressed metal location must occur [50], 
[51]. 
 
Corrosion problems in boiler systems occur in the hottest areas of the boiler such as 
the water wall, screen and super-heater tubes. The many methods of corrosion control 
differ depending on the type of corrosion experienced. Corrosion in boiler systems is 
the active destruction of sound boiler metal by the pitting action of dissolved oxygen 
in the boiler water [51]. The process of pitting results in the formation of deep holes in 
the metal which are self-protected by further corrosion products such as scabs. 
 
Control and prevention of corrosion in boiler systems will help reduce deposit 
formation through proper water treatment. To increase efficiency, acid cleaning is often 
used in the industrial processes to remove corrosion products on the metal surfaces 
but in the long run, having a detrimental effect [49]. Corrosion inhibitors are the most 
recommended and efficient method of protection as protective films on the metal.  
 
Boiler system corrosion may be controlled through the following procedures:  
• Upkeep of suitable pH and alkalinity levels within the boiler; 
• Regulation of oxygen and boiler feedwater pollution; 
• Decrease in mechanical stresses; 
• Ensure that processes are operated within design specifications (temperature 
and pressure);  
• Always take precaution during start-up and shutdown; and 
Effective monitoring and control of the entire system. 
 
In desalination plants, two types of corrosion namely uniform and localized corrosion 
take place. The attack that takes place over the surface of the substrate is known to 
as uniform corrosion where localized corrosion occurs on small zones on the surface 
of a substrate in contact with a corrosive environment [7], [28].  
 
In desalination plants, the scales formed on the surface of copper and copper alloys 
is due to the evaporation that takes place in the aqueous solution [7]. Steam generated 
in the aqueous solution causes corrosion cells which are potential sites for localized 
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corrosion. Localized corrosion occurs in the existence of oxygen and carbon dioxide, 
resulting in an increase in the corrosion rate and further reduction in the pH. 
 
2.2.2 Scale Formation in Boiler Systems 
Scale formation is known as the leading factor in the causes of failure in many thermal 
processes such as in desalination plants. In desalination plant, as a contingency 
measure, 30% of the heat transfer is afforded for problems associated to scale 
formation. To combat scale deposits inside the walls of pipelines as shown in, Figure 
2.3, operation at high pressures is required. Uneven scale deposition can lead to 
pitting corrosion [18]. 
 
 
Figure 2.3: Typical untreated (scale prone) walls of a boiler system [52] 
 
Scaling on the surfaces of many boiler systems is caused by the precipitation of 
soluble salts dissolved during the process of desalination. Typically, the most common 
types of scales that form are calcium carbonates, silica, calcium sulphates, oxides and 
metal silicates only to name a few. Calcium carbonates are naturally occurring 
compounds and may be removed by acid cleaning [53]. 
 
The factors affecting scale formation are as follows [18] : 
(a) Salt type and concentration; 
(b) The time for scale formation; 
(c) The hydrodynamics and fluid velocity; 
(d) The functioning temperature; and 
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(e) the pH of water. 
 
Scale formation may be combated using the following technologies as suggested by 
Al-Mutaz et al. [18]: 
(1) Proper water treatment strategy 
(2) Use of suitable anti-scalents 
(3) Acid dosing or pH control 
(4) Mechanical or chemical cleaning. 
(5) Physical techniques like ultrasonic, magnetic fields  
 
2.3 Acid Cleaning in Industrial Systems  
Chemical cleaning is used frequently for the removal of scale formation on heat 
exchangers amongst other cleaning methods. Scale formed in industrial boilers is 
largely treated with four different acidic solutions to study their dissolving effect on the 
scale in the hoses of the boilers. Hydrochloric acid is highly used due to its rather easy 
availability and cost-effectiveness. It has been established that a minimum 
concentration of 5% HCl is the most effective scale dissolver at room temperature. 
Amongst other cleaning agents, sulphuric acid usually results in poor de-scaling 
properties under certain test conditions [54]. 
 
Scale formation on the surfaces of metallic alloys is caused by their interaction with 
atmospheric components such as oxygen and moisture therefore the need to employ 
acidic solutions to remove the scale [55]. The constant need for acid cleaning (pickling) 
of pipelines is to improve the line flow efficiency, improve good data on inspection tool 
runs and to increase the lifespan of the pipeline.  
 
2.3.1 Acid Cleaning using Hydrochloric Acid 
In the industry, acid cleaning is performed mainly in HCl for copper substrates 
therefore the dire need for corrosion protection mechanisms against corrosion attack. 
The corrosion inhibition behaviour of several corrosion inhibitors on the corrosion of 
copper in HCl solution has been previously studied. The corrosion inhibition efficiency 
of eco-friendly corrosion inhibitors decreases the corrosion rate of copper and copper 
alloys [47]. The presence of corrosion inhibitors in corrosive media has a contributory 
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factor in decreasing the corrosion attacks resulting in the decrease in surface pores of 
the solution containing the inhibitor. The increase in the concentration of the corrosion 
inhibitor reduces many possible corrosion sites on the surface of copper and its alloys 
due to the sufficient surface coverage, therefore, resulting in the efficiency of corrosion 
inhibitor [56]. 
 
2.3.2 Acid Cleaning using Sulphuric Acid 
Sulphuric acid is a strong acid which has polar molecules in its structure that are bound 
to each other by hydrogen bonding. Sulphuric acids have sufficient oxidizing power to 
allow for the dissolution of copper [47]. 
 
2.3.3 Acid Cleaning using Nitric Acid  
In nitric acid, Cu2+ ions form due to the corrosion of copper which move from the 
surface of the copper and copper alloy substrate into the acidic solution. Corrosion 
products and precipitates in nitric acid do not form a protective layer [56] on the surface 
of copper and copper alloys because of the dominant electrochemical reaction. Nitric 
acid is one effective oxidizing agents therefore result in a high dissolution rate of the 
copper and copper alloys in the solution. With an increase in the corrosivity of the 
corrosive media, the corrosion resistance of copper decreases. One can use organic 
and inorganic corrosion inhibitors such as azoles (benzotriazoles, triazoles), to inhibit 
copper and its alloy in nitric acid [47]. 
 
2.4 Effect of Microstructure on Corrosion Behaviour of Copper and Copper 
Alloys  
The properties of materials such as corrosion may be attributed to the grain 
boundaries of many materials. The deformation of copper alloys results in phase 
transformations and internal stresses. The effect of phase transformations results in a 
change in microstructural characteristics, such as changes in grain size and shape of 
the metallic structure, dislocation density as well as the overall texture [57]. These 
changes in the microstructure modify not only the mechanical properties of the 
materials but their corrosion resistance as well. However, there is not a defined 
relationship between deformation and corrosion behaviour because the deformation 
 30 
 
affects the corrosion resistance depending on the material, plastic strain and 
environment [58]. 
 
2.5 Corrosion Prevention and Control 
Corrosion prevention involves the implementation of measures that may be used to 
eliminate, prevent and reduce the occurrence of corrosion to avoid the weakening of 
the physical, mechanical and chemical properties of a metallic substrate. Corrosion 
control is implemented in industries to sustain the safety, reliability, efficiency of 
materials as well as the reduction in the not so cost-effective process replacement 
necessities when corrosion occurs [59]. 
 
The features of a system design may aid in preventing or reducing the occurrence of 
corrosion. Mechanisms such as proper and effective materials selection, the use of 
non-destructive techniques for corrosion detection, use of coatings and other 
maintenance activities [60]. It is also very imperative to have corrosion control 
measures at the early stages of the life of a system. Many of the methods for 
preventing or reducing corrosion are modelled by slowing down rates of corrosion and 
reducing metal loss. The following methods are used to protect metals against 
corrosion: 
• Selection of the right material of construction; 
• Surface coating; 
• Inhibitors; 
• Proper equipment design; and 
• Electrical protection. 
 
2.5.1 Barrier Protection 
Organic coatings provide protection from corrosion by the formation of a barrier layer 
by means of pigments in a coating on the surface of the bare metal as shown in Figure 
2.4. Using barrier protection measures, the surface condition of metal changed into 
being more stable. The use of coatings delays the development of electromotive forces 
which are responsible for causing the occurrence of corrosion on the bare metal [61]. 
Provided by a protective coating that acts as a barrier between corrosive elements 
 31 
 
and the metal substrate. Typical barrier protection methods include the use of paint, 
powder coats and galvanizing [62]. 
 
 
 
Figure 2.4: Typical barrier protection mechanism [63]  
 
2.5.2 Cathodic Protection 
Cathodic protection is a corrosion control method for the protection of metallic 
structures such as pipelines, cables, utility lines, and structural foundations. The 
principle of cathodic protection involves the protection of one metal by connecting it to 
another that is more anodic with reference to the galvanic series [64]. Cathodic 
protection (CP) is the prevention of corrosion by allowing a metal, which would 
normally work as an anode and corrode to work as a cathode and be free from attack. 
Cathodic protection involves setting the anode in the corrosion cell or making a large 
corrosion cell to overcome the other smaller corrosion cells [65]. 
 
Cathodic protection may be achieved in either of two ways namely: 
• Use of impressed current from an electrical source and 
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• Use of sacrificial anodes (galvanic action). 
 
Sacrificial anodes are usually joined to the structure being protected which allows 
conventional current to flow from the anode to the structure ensuring that the anode is 
more active than the structure. During the process, as the current flows, corrosion 
takes place on the anode which gives up itself to offer protection of the structure from 
any corrosion [66]. 
 
a) Impressed Current 
The impressed current cathodic protection is an electrically controlled system. In this 
system, as shown in Figure 2.5, the source of the electron is an impressed current 
from an external DC power known as a rectifier. The negative terminal of the power 
source is connected to the structure to be protected while the other terminal is jointed 
to an inert anode frequently graphite [65]. There is a current path which exists between 
cathode and anode through the soil completing the electrical circuit. The external 
source of direct current power is impressed between the structure to be protected and 
the ground bed (anode). 
  
 
 
Figure 2.5: Schematic diagram showing the Impressed Current Cathodic Protection 
System [67] 
 
The benefits and disadvantages of the system are discussed in Table 2-1. 
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Table 2-1: Advantages and disadvantages of the Impressed Current Cathodic 
Protection System [65]. 
 
Advantages Disadvantages 
Practical and efficient when fitted on 
existing structures. 
Significant operation and maintenance 
requirements. 
Practical and efficient to change the 
anode system when required. 
Results in large chances of failure or 
breakdown 
Provides adequate current to protect 
large uncoated structures. 
Stray currents may cause interference 
damage to other structures. 
 
b) Galvanic Sacrificial Anode  
Galvanic Sacrificial Anodes as a mode of cathodic protection are generally used for 
protection of well-coated areas. When soil resistivities are low and where there are 
protective current requirements, the galvanic anode technique is used. A fundamental 
principle involves pieces of active metals such as magnesium or zinc being placed in 
contact with the corrosive environment followed by being electrically connected to the 
structure to be protected as seen in Figure 2.6.  
 
 
 
Figure 2.6: Image showing the process of a galvanic sacrificial anode [68] 
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Table 2-2 summarizes the advantages and disadvantages of such a system.  
 
Table 2-2: Advantages and disadvantages of the Galvanic sacrificial anode[65]  
 
Advantages Disadvantages 
Practical and efficient when installing the 
structure. 
Driving voltage is limited 
Requires minimal maintenance resulting 
in small chances of failure or possible 
breakdowns. 
Current is available in small amounts in 
higher resistivity electrolytes. 
Stray currents are unlikely to cause 
interference damage to structures. 
Expensive to install or replace anodes. 
 
2.5.3 Corrosion Inhibition  
Corrosion inhibitors are substances which when added in small concentrations to an 
environment successfully reduces the corrosion rate of a metal exposed to that 
environment [15]. The use of inhibitors to the control of corrosion of metals that are in 
contact with aggressive environments is one among the many corrosion protection 
methods used to reduce and prevent corrosion [69]. The proper selection of an 
inhibitor is important for environmental protection, as not all inhibitors are eco-friendly 
[70].  
 
Corrosion inhibitors can be chemicals either be artificial or natural and could be 
classified by their chemical nature as organic or inorganic, the mechanism of action 
as anodic, cathodic or an anodic-cathodic mix and by adsorption action [71]. In 
general, inorganic inhibitors have cathodic actions or anodic. The organic corrosion 
inhibitors have both actions, cathodic and anodic and the protective by film adsorption. 
Plant extracts and medicinal compounds have been discovered for uses as corrosion 
as most of these compounds are environmentally-friendly [70]. The relation between 
corrosion inhibitor and the metal surface is defined by the structure of corrosion 
inhibitor [47]. Figure 2.7 illustrates the mechanism of corrosion inhibition and the 
adsorption properties of an inhibitor on a metal substrate in a corrosive environment.  
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Figure 2.7: Illustration of the corrosion Inhibition mechanism [72]  
 
a) Classification of corrosion inhibitors 
The various corrosion inhibition types may be distinguished as organic and inorganic 
compounds that have a beneficial effect in a corrosive environment. Many of the 
organic or inorganic compounds contain functional groups such as amines, carbonyl 
and alcoholic groups that make many effective corrosion inhibitors. The principle of 
inhibition involves the absorption of the inhibitor onto the entire surface of the corroding 
metal and partially preventing it from any form of corrosion attack [25].   
 
Inhibitors form a protective barrier film and are initially adsorbed directly onto the metal 
surface by the interaction between surface charges and ionic and molecular dipole 
charges [25]. The division of the types of inhibitors results principally from the pH of 
the solution in which they operate. For full functionality and efficiency, corrosion 
inhibitors must be present in at least a minimum concentration to activate them. 
 
i) Anodic Corrosion Inhibitors 
These inhibitors protect the surface of the metal by the formation of an oxide film which 
causes an anodic shift in the corrosion potential of the metal into the region that allows 
for passivation [73]. Typical anodic inhibitors include chromates, phosphates, 
tungstates and other elements with high oxygen content. The protective film reduces 
the corrosion rate during the corrosion process by its adsorption on the surface of the 
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metal. A thin protective film alongside the anode is formed which results in an increase 
in its potential, therefore, slowing down the corrosion reaction results from anodic 
inhibitors [25]. 
 
ii) Cathodic corrosion inhibitors 
Corrosion in an electrochemical corrosion cell is reduced using cathodic inhibitors 
which slow down the reduction reaction rate [25]. The reaction rate reduction is 
facilitated by a mechanism of precipitation which blocks any cathodic sites. Elements 
such as arsenic, bismuth and antimony are used as cathodic toxins that aid in reducing 
the hydrogen reduction reaction rate and the overall corrosion rate. In an environment, 
one can remove reducible species by using cathodic inhibitors. The reduction of the 
corrosion rate in a corrosive environment can be achieved by the removal of oxygen 
by: 
(a) the use of oxygen scavengers which react with the oxygen itself to remove 
it from the solution  
(b) vacuum de-aeration; and 
(c) boiling of the solution to reduce the oxygen concentrations.   
 
iii) Adsorption corrosion inhibitors 
Organic inhibitors are compounds that get adsorbed on the surface of the metal 
providing a covering on the surface of the metal. Organic corrosion inhibitors are 
commonly used in the industry because of their effectiveness at high temperatures, 
low toxicity and good solubility [26]. Organic corrosion inhibitors are commonly used 
in the acid pickling of metals that have been hot rolled through heating beyond the 
recrystallization temperature to plastically deform it to remove scale. This process 
may, therefore, be referred to as pickling inhibitors [74]. 
 
Organic inhibitors with oxygen, nitrogen and sulphur have been proven to be a good 
corrosion inhibitor. A large number of organic corrosion inhibitors according to Brucki 
et al. [26] can be divided for some clusters with specific elements such as: 
• Nitrogen-based composites: amines, pyridine derivatives, ammonium 
salts, triazole derivatives, Schiff base, amino acids, and imidazole  
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• Nitrogen and sulphur based compounds: imidazole derivatives, 
thiadiazol derivatives and triazole derivatives  
• Sulphur based compounds: thiourea derivatives, sulphates, 
• Nitrogen and oxygen-based compounds: oxazole derivatives and natural 
plant extracts 
 
iv) Volatile corrosion inhibitors 
Volatile corrosion inhibitors (VCI’s) are composites which may be shifted in a closed 
setting to the corrosion site by the process of volatilization [25]. When a corrosion 
product is volatile, it leaves the surface of the metal bare therefore exposed for further 
corrosion attacks.  
 
v) Green Corrosion inhibitors 
These inhibitors are known as being eco-friendly, non-toxic. The need for the 
development of green corrosion inhibitors was based on health and safety 
considerations [25]. The use of amino acids among other compounds are to alleviate 
the use of environmentally unfriendly solutions for corrosion protection. Green 
corrosion inhibitors are highly recommended for use because they are biodegradable, 
eco-friendly, cost-effective and conveniently accessible [75]. 
 
Amino acids are typical green corrosion inhibitors with molecules that contain a 
carboxyl (COOH) group and an amino (NH2) group that are both linked (bonded) to 
the same carbon atom [25]. Amino acids are measured to as green corrosion inhibitors 
because they are non-toxic, ecological, low-cost, soluble and easy to produce. In 
amino acids, the existence of N, O, and S and conjugated π-electrons arrangements 
have made them a substantial class of green corrosion inhibitors [76]. The presence 
of OH or the phenyl functional groups in amino acids assists with better adsorption 
onto the surface of the metal. 
 
vi) Corrosion inhibition in acidic media 
The process of acid cleaning regrettably results in metal loss hence the great need for 
the incorporation of additives known to as corrosion inhibitors to aid in the protection 
of the metal surfaces during exposure. Through the mechanism of adsorption, acid 
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corrosion inhibitors form a protective (passive layer) on the surface of the metal 
component. The electrochemical behaviour of an acidic solution is often changed by 
the presence of organic compounds which decrease the aggressiveness of the 
solution [55]. The adsorption properties of an inhibitor are influenced by the presence 
of heteroatoms such as sulphur, phosphorus, nitrogen and oxygen inhibitor [47], [77]. 
 
The inhibitive characteristics of the heteroatoms that aid in inhibition are endorsed by 
their high polarizing abilities and low electronegativity which allows for the formation 
of functional groups which may protect the surface of the substrate [55]. In acidic 
solutions, hydrochloric acid solutions the use of organic inhibitors containing the 
nitrogen heteroatom and in sulphuric acids, corrosion inhibitors containing sulphur 
have better inhibition properties. The excellent inhibitive properties of compounds 
containing sulphur and nitrogen are attributed by the inhibitor passive layer formed 
over the metal surface, the number and nature of the adsorption sites [78].  
 
Amine derivatives containing the nitrogen heteroatom are used in the corrosion 
inhibition of steels in acidic media by forming a passive layer for protection through the 
transfer of non-bonding and π-electrons into the metals d-orbital resulting in the 
formation of similar bonds with metal surfaces [55]. The inter-molecular synergistic 
behaviour of amino acids on copper alloys is known in acidic solutions such as 
hydrochloric acid.  
 
Amino acids and amines reveal good inhibition and adsorption tendencies which are 
brought about by their quality characteristics such as the presence of the amine group 
and nitrogen, oxygen and sulphur of low electronegativity in their structures. Schiff's 
bases are recommended as great inhibitors for metals and alloys in both sulphuric and 
hydrochloric acid solutions [79]. All amino based compounds known to as mixed-type 
corrosion inhibitors and the characteristics of their adsorption is in respect of the 
Langmuir adsorption isotherm [55], [80].  
 
During acid cleaning, the inhibition characteristics of azoles and their derivatives hold 
good inhibitive and adsorption behaviour for several metals and its inhibitive 
performance is influenced by temperature [55]. Azole derivatives such as pyrazole and 
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pyridine have good anti-corrosion characteristics for metallic surfaces in acidic 
solutions. Numerous types of organic and inorganic inhibitors can be used to avoid 
scale formation into aggressive solutions.   
 
b) Copper corrosion inhibition 
In the corrosion of copper, the anodic and the cathodic reaction rates are used to 
measure its dissolution and the corrosion rate in certain environments [41]. To reduce 
the corrosion rate of copper in several environments, corrosion inhibitors are regarded 
as one of the most effective prevention methods to use. In aggressive media, the 
corrosion of copper is highly possible and the formation of a passive layer on the 
surface of copper is unlikely because of the presence of corrosive ions [81]. The typical 
inhibitors used for the inhibition of copper and its alloys are shown in Figure 2.8. The 
measurements of the inhibitive efficiency of a corrosion inhibitor are one of the 
methods used to assess the performance of an inhibitor in certain environments [47]. 
The measurement of the efficiency of corrosion inhibitors depends on the structure, 
electrostatic properties, chemical composition of the inhibitor as well as the metallic 
substrate a specific environment. 
 
 
 
  Figure 2.8: Typical copper corrosion inhibitors [47]  
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The most commonly used inhibitors for copper alloys are azole derivatives: 
• mercaptobenzothiazole; 
• benzotriazole and its derivatives; 
• benzimidazole and its derivatives; 
• zinc (Zn2+). 
 
Mercaptobenzothiazole has largely been replaced by benzotriazole derivatives on 
grounds of chemical stability and toxicity problems. All copper inhibitors are affected 
in some way by halogen biocides but triazoles to a lesser extent [82] 
 
 
Figure 2.9: Illustration of the inhibitive action of copper and its inhibitors[47]  
 
Factors such as bond strength on the surface of the metal with the interaction of 
heteroatoms such as oxygen nitrogen and sulphur in the structure of an inhibitor, Van 
der Waals interactions, and π-π influence film growth thus the ability to protect the 
surface of copper from any form of corrosion as shown in Figure 2.9 [83]. The corrosion 
efficiency of many inhibitors is influenced by temperature, pH and the stability of 
aggressive environments [47]. 
 
c) Polyamine corrosion inhibitors 
The invention of polyamine derivatives relates to corrosion inhibitors comprising 
nitrogen functionality. Polyamine corrosion inhibitors are widely used in water 
treatment such as polyamine-benzoquinone which usually has low toxicity than its 
monomers [84]. Polyamine compounds have different properties of dissolution and 
volatilization compared with amines. Polyamine derivatives have thus been developed 
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as VCI’s where there are environmental concerns. Organic acids are being comprised 
of two main parts being the carboxylic acid that participates in the reaction and the 
lipophilic group imparts oil solubility to the inhibitor to form a secondary protective layer 
for the metal [83]. The film-forming corrosion inhibitor can be dissolved in hydrocarbon-
based solvents furthermore having high water dispersibility.  
 
2.6 Polymer Composites 
Polymer composites are known as multi-phased solid materials in the matrix of the 
polymer. Polymer composites are high-performance and multipurpose materials that 
are formed from a combination of different phases of materials [85]. The blend of the 
different phases in the components allows for excellent mechanical and thermal 
properties that cannot be achieved with the use of a single material [86].  
 
Polymer composites have good properties such as corrosion resistance and excellent 
mechanical strength. Polymer materials are very advantageous over many 
conventional materials that are used because they are lightweight, cost-effective, easy 
to manufacture and they are very flexible both in design and application, ability to meet 
severe conditions, have low thermal expansion properties, as well as excellent fatigue 
and fracture resistance [85].  
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CHAPTER THREE  
3.0 Research Methodology 
In this chapter, the inhibition efficiency of a polymer composite PVP-AMPS was 
studied on the corrosion inhibition of copper and copper alloys (brass) in 1 M HCl. PVP 
and AMPS were synthesized by a method of polymerization for form the polymer 
composite PVP-AMPS. This chapter details the approached used to investigate the 
corrosion inhibition efficiency of PVP-AMPS on the corrosion characteristic of copper 
and brass in 1M of hydrochloric acid. The studied methodology summarized in Figure 
3.1 revealed the experimental pattern to which this research has followed. The 
material selection test medium and techniques used for corrosion evaluation, polymer 
synthesis and polymer characterization were also discussed. 
 
3.1 Materials and Chemicals 
A list of materials and chemicals which were used in this study is shown in Table 3-1. 
 
Table 3-1: List of materials and chemicals 
 
2-Acrylamide-2-methylpropansulphonic 
acid (AMPS) 
Ammonium Hydroxide 
Polyvinylpyrrolidone (PVP) Acetone 
Oxalic acid Round bottom flask 
32% Hydrochloric acid (HCl) Beakers 
Distilled water Copper and brass coupons (3×2×0.3 cm) 
Ammonium persulphate Magnetic stirrer 
 
3.1.1 Sample Preparation  
The dimensions of pure copper and brass coupons were 3×2×0.3 cm for gravimetric 
studies, electrochemical analysis and surface analysis. A 0.3 cm diameter hole was 
drilled in all coupons to allow for ease of immersion into the corrosive media. All 
coupons were engraved for ease of identification purposes. Copper and brass 
coupons were prepared using metallography sample preparation techniques using 
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sanding paper ranging from 600 to 1200 grit. The prepared samples were degreased 
with acetone, thoroughly dried and stored in a desiccator before use. 
 
3.1.2 Corrosion Test Media 
The corrosive media used in this research was to imitate acidic industrial cleaning 
conditions where 32% of HCl was used to prepare 1M HCl and the inhibitor 
concentrations were wide-ranging from 50ppm, 100ppm, 200ppm, 300ppm, 400ppm 
and 500, 600, 700 and 800ppm. 
 
3.2 Synthesis of Polymer Composite PVP-AMPS 
A polyamine derivative 2-acrylamide-2methylpropansulphonic acid coupled with 
polyvinylpyrrolidone were synthesised. 10% of PVP and 5% of the polyamine 
derivative AMPS in 1M of oxalic acid was used as a feed solution kept at room 
temperature (25˚C). To this reaction mixture, freshly prepared 1% ammonium 
persulphate in 1M oxalic acid was added as a free radical initiator with constant stirring 
for 2 hours on the magnetic stirrer. The temperature of the blend was sustained 
between 0 and 5°C in an ice water bath.  
 
Ammonium hydroxide was added to keep the pH between 6 and 8. For precipitation, 
there was an addition of a non-solvent liquid (acetone) and the mixture was then later 
refrigerated for 24 hours. The formed composite was precipitated out, filtered, washed 
and air-dried. The mixture was refrigerated for one (1) day and through precipitation, 
the polymer composite was obtained with the use of a non-solvent liquid, filtered, 
washed, dried and stored. The newly synthesized PVP-AMPS polymer composite was 
then subjected to characterization by FTIR to confirm polymerization and the XRD for 
phase identification. 
 
3.3 Characterization of Polymer Composites 
Characterization techniques such as Fourier transform infrared spectroscopy (FTIR), 
Scanning Electron Microscopy (SEM) and the X-Ray diffraction (XRD) were used to 
analyse the synthesized polymer (PVP-AMPS) to determine its interaction between 
the metal surface. 
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3.3.1 Fourier Transform Infrared Spectroscopy (FTIR) 
The Fourier Transform-Infrared Spectroscopy is a systematic technique that is used 
to identify organic and inorganic materials in compounds. This technique measures 
the absorption of infrared radiation by the sample material versus wavelength. The 
principle of the FTIR spectrometry was to identify the molecular components and 
structures through the study of adsorption bands. Through infrared radiation, exposed 
materials are exposed causing excitement in the molecule into a higher vibrational 
state [87]. The energy difference between the inactive and excited vibrational states 
is related to the wavelength of the light absorbed by the molecule and typical to its 
structure [88].  
 
To control the wavelength from an infrared source, the FTIR spectrometer uses an 
interferometer. A sensor measured the strength of the reflected light as a function of 
its wavelength. An interferogram is a signal found during the use of the FTIR to find a 
single-beam infrared spectrum. The FTIR spectra plot the intensity versus 
wavenumber (in cm-1). The wavenumber is equal to the wavelength. The intensity can 
be plotted as the percentage of light transmittance or absorbance at each wavenumber 
[89]. 
 
This spectroscopic technique was used to characterize the synthesized polymer 
composite PVP-AMPS. For this research, the background of the stage was collected 
prior to the addition of the polymer composite onto the stage. Thereafter, 0.2g of the 
polymer composite was introduced onto the FTIR holder stage and infrared light was 
passed through the sample by controlling the instrument connected to the computer 
where vibrational information was obtained and analysed by the OMNIC software. 
 
3.3.2 X-Ray Diffraction (XRD) 
The degree of the structural order of the synthesized polymer composites and 
evidence of their polymerization were analysed using the Rigaku 2Ɵ angle X-ray 
diffraction instrument. The polymer composite was inserted into a glass sample holder 
and pressed to obtain a flat surface. The Ni-filtered Cu Kα radiation (λ = 1.54Å) 
generated at a voltage of 40KV and the current of 40 mA was used at a scan speed 
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of 2

/min from 5
 
to 90

. The XRD pattern with the phase identification of the crystalline 
material was obtained and analysed. 
 
3.4 Corrosion Evaluation Methods 
Corrosion evaluation methods such as the gravimetric studies were used to study the 
corrosion rate, corrosion inhibition efficiency as well as the inhibitor adsorption to the 
surfaces of copper and brass. 
 
3.4.1 Gravimetric Analysis (Weight Loss Measurement) 
This method was used to monitor the corrosion inhibition efficiency. The method was 
useful for determining corrosion impairment as a tool for corrosion monitoring and for 
investigating the condition of the environment which cannot be simulated in the 
laboratory [47]. Weight loss measurements were carried out according to the ASTM 
Standard Practice for Laboratory Immersion Corrosion Testing of Metals. To conduct 
the test, test coupons were to be immersed in 100ml of 1M HCl containing the various 
concentrations of the inhibitor. The weights of the coupons before and after immersion 
were determined using an analytical balance accurate to 0.01g. 
 
The cleaned and weighed coupons were immersed in beakers containing the test 
solutions using hooks and rods. The weight loss was calculated to be the difference 
between the weight of the samples at a given time and its initial weight and calculated 
using equation 3.1 and the inhibition efficiency by equation 3.2. 
 
W =  
m1 –m2
At
      (3.1) 
Where At will be the area of the test coupons (cm2) and At is the exposure time (h) 
 
IE% =
 W –W′
W
× 100     (3.2) 
 
Where∶ 
W and W' are the uninhibited and inhibited corrosion rates  
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a) Effect of Concentration on the Inhibition of Polymer Composites 
To study the effect of concentration of corrosion inhibitor (PVP-AMPS), the copper and 
brass coupons were immersed in 1 M HCl in the absence and presence of different 
concentrations of PVP-AMPS. A stock solution of 1000ppm PVP-AMPS was used to 
prepare nine different concentrations of 50ppm, 100ppm, 200ppm, 300ppm, 400ppm, 
500ppm, 600ppm, 700ppm and 800ppm using serial dilution in 500ml round bottom 
flasks. A blank solution of 1M HCl was used as a control measure in all the 
experiments. For optimization of the concentration of the inhibitor, tests were carried 
out at room temperature. Prior to immersion in the solution with and without the 
inhibitor, the coupons of copper and brass were weighed to identify their initial weights. 
Post immersion, the coupons were removed from the solutions, cleaned to remove the 
corrosion products and then reweighed to determine the final mass.  
 
b) Effect of Immersion Time on the Inhibition of Polymer Composites 
When characterizing a corrosion inhibitor, time plays a very crucial role. To study the 
firmness of the film of the inhibitor and the adsorption rate of the inhibitor, it was 
necessary to conduct immersion time studies which were varied at 3, 9, 12 and 24-
hour intervals. From the data obtained, the following measurements were made to 
study the corrosion behaviour and mechanism such as corrosion rate (CR) equated 
by equation (3.3), Inhibition efficiency (IE) equated by equation 3.4 and surface 
coverage (θ) by 3.5. 
 
CR =
87.6W
Adt
     (3.3) 
 
Where:    
W (in grams)- the weight loss of the copper and brass respectively;  
A =area (cm2); 
D=density (g/cm3); 
T (hours)=immersion time; 
         
% IE =
CR0−CRin
CR0
× 100     (3.4) 
 
Where: 
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%IE=Inhibitive efficiency CR0 and CRin= corrosion rates of copper and brass with and 
without the inhibitor 
    
θ =
IE
100
     (3.5) 
 
Where,  
 = Surface coverage 
IE = Inhibition efficiency 
 
The results were then analysed, and a comparison was conducted on the performance 
of the corrosion inhibitor followed by the calculation of their respective inhibition 
efficiencies. 
 
c) Effect of temperature on inhibition of polymer composites 
To study the effect of temperature on the corrosion of copper brass with and without 
the presence of PVP-AMPS, the immersed coupons were subjected to the following 
temperatures 298 K,313 K, and 333 K for an hour. Similarly, from the data obtained, 
the corrosion rate, inhibition efficiency, and surface coverage were calculated from 
equations 3.3, 3.4 and 3.5. 
 
3.4.2 Adsorption Isotherm Studies 
The adsorption mechanism of the synthesized polymer composite on the copper and 
copper alloy (brass) surface was determined by using the relationships between the 
surface coverage (θ) and the inhibition concentrations ranging from 50ppm to 800ppm. 
The degree of adsorption was obtained by fitting data in different models such as the 
Langmuir, Frumkin and Parsons-Temkin adsorption isotherms as observed by 
Popoola [90]. 
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3.4.3 Kinetic Parameter Determination 
Data obtained from the weight loss method were used to determine the kinetic 
parameter of the system where the dependence of corrosion rate at different inhibitor 
concentrations on temperature was examined using the Arrhenius equation:  
Log CR = −
Ea
2.303RT
+ C     (3.6) 
 
Where: 
CR = Corrosion rate 
Ea = Activation energy 
R = Gas constant (8.314JK-1mol-1) 
T = Absolute temperature (K) 
C=Intercept on the y-axis 
 
The activation energies (Ea) for the several reaction processes at different inhibition 
concentrations and temperatures were evaluated from the gradient (Log CR vs 1/T) of 
lines of the Arrhenius plots as shown in equation 3.6. 
 
3.4.4 Thermodynamic Parameter Determination 
To understand and quantify the corrosion mechanism the study of chemical and 
electrochemical equilibrium is required. It is important to understand the function of 
equilibrium defined by Gibbs free energy alongside other parameters such as enthalpy 
(H) and entropy (S) at a defined temperature. The thermodynamic parameter aided in 
determining the change in free energy (∆G) of adsorption. The change in the free 
energy indicated the type of inhibition adsorption formed on the surface of the metal 
at different temperatures. 
 
3.5 Electrochemical Analysis  
Electrochemical studies were used to study the inhibitory mechanism of the polyamine 
derivative PVP-AMPS. For this research, the electrochemical analysis was carried out 
using a Bio-Logic ASA Potentiostat Electrochemical Analyser SP-150 model. An area 
of 1cm2 with dimensions (1cmx1 cm) for the copper and brass coupons were exposed 
for all the electrochemical studies. The three-electrode electrochemical cell was used 
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to carry out the experiments. The cell consisted of a graphite rod as the counter 
electrode, Silver-Silver Chloride (Ag/AgCl) as the reference, and copper and brass 
respectively as the working electrodes. The corrosion measurements were performed 
using a Bio-Logic SP-150 Potentiostat coupled with EC-Lab software for data 
acquisition and analysis. 
 
Prior to the analysis, the copper and brass coupons were left freely to corrode in an 
open circuit potential (OCP) versus Ag/AgCl for 30 minutes to find the steady-state 
potential. 
 
3.5.1 Electrochemical Impedance Spectrometry  
The EIS aided in determining the transfer characteristics during the corrosion process. 
The EIS is a powerful tool used for characterizing several electrochemical systems 
and for determining the contribution of the electrolytic processes in these systems. 
The results of the EIS are usually interpreted by the correlation between the 
impedance data and the equivalent circuit represented the physical processes that 
took place in the system under investigation [91]. A sinus amplitude of 5mV was 
applied to copper and brass respectively over a frequency of 100kHz to 100mHz. The 
resistance (real Z’) and the capacitance (Z) impedance responses of the 
electrochemical system were recorded by the Potentiostat represented by the Nyquist 
plots. The following parameters were obtained from the Nyquist plots: 
• The resistance of the solution (Rs); 
• Charge transfer resistance of the corrosion process at the interface (Rct); and 
• Double-layer capacitance (Cdl). 
 
Equation 3.7 was used to determine the charge transfer values of the corrosion 
process 
%IE =
Rct(inhibitor)−Rct
Rct(inhibitor)
× 100    (3.7) 
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3.5.2 Potentiodynamic Polarization (Tafel) 
Polarization methods such as potentiodynamic polarization, potentio-staircase, and 
cyclic voltammetry are mostly used for laboratory corrosion testing. These methods 
can provide important and useful information about the corrosion mechanisms, 
corrosion rates and the susceptibility of materials to corrosion in specific environments. 
Polarization methods include changing the potential of the working electrode and 
monitoring the current which is produced as the function of time or the potential.  
 
Potentiodynamic polarization curves were obtained at a scan rate of 5 mVs–1 in the 
potential range of -250 to +250 mV relative to the corrosion potential. Polarization data 
were analysed using the electrochemical software. Parameters such as the corrosion 
potential (Ecorr), corrosion current density (Icorr), and Tafel slopes were all obtained 
from inducing both the anodic and cathodic Tafel plots. The IE was then calculated 
from the measured Icorr values using equation 3.8. The experiments were repeated 
twice to have good judgment.  
 
%IE =
Icorr(blank)−Icorr (inhibitor)
Icorr (blank)
   (3.8) 
 
Where: 
Icorr (blank)=Current density using the blank solution 
Icorr(inhibitor)=Current density with the inhibitor 
 
3.5.3 Variable Amplitude Sinusoidal Micro Polarization (VASP) 
The electrochemical technique is based on the electrochemical impedance 
measurement that allows for the study of corrosion mechanisms by the resultant Tafel 
parameters a, c and the corrosion current Icorr [92]. The non-linear VASP technique 
consists of the resultant change of the measured polarization resistance (Rp) with the 
potential amplitude variation. The polarization resistance (Rp) at each amplitude is 
determined and plotted against the sinus amplitude. The VASP experiment was 
performed by applying sinusoidal electrical potential EWE(t) as defined by equation 3.9 
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𝐸𝑊𝐸 (𝑡) = 𝑉𝑎 𝑠𝑖𝑛(2 𝑓𝑠𝑡)      (3.9) 
 
Investigations were performed at 25°C using the SP-150 Potentiostat with EIS 
capability. Copper and brass were coupons were used as the working electrodes with 
an immersed area of 1cm2. Graphite was used as a counter electrode and Silver/Silver 
Chloride (Ag/AgCl) as the reference electrode with HCl as the test solution with and 
without the inhibitor. On the VASP setting window, the frequency value of the applied 
potential was set. The maximum and the minimum values of the potential amplitude 
and the number of steps N were entered as well. The experiment was performed at 
the frequency (fs) of 0.1 Hz using a sinus range of 10 to 100mV at a sine amplitude 
(N) of 10. In this work, the VASP technique was employed to determine corrosion 
coefficients and Rp was calculated from those coefficients. 
 
3.6 Surface Analytical Methods 
The surface analytical methods were used to determine the surface morphology of 
copper and brass before and after exposure in a corrosive environment. 
 
3.6.1 Scanning Electron Microscopy and Electron Dispersive X-Ray 
Spectroscopy 
Scanning electron microscopy (SEM) is a method for high-resolution imaging of 
surfaces using electrons. The advantages of SEM over light microscopy include 
greater magnification of more than 100,000X. Qualitative and quantitative chemical 
analysis data was also found using the energy dispersive x-ray spectrometer (EDS) 
within the SEM [93]. 
 
Scanning Electron Spectroscopy and Energy Dispersive X-Ray Spectroscopy (EDS)  
The scanning electron microscope (SEM) instrument TESCAN VEGA 3 was used to 
determine the surface of the copolymer (PVP-AMPS) and copper and brass surfaces 
prior and post the immersion into the corrosive test media. To study the surface 
morphology of PVP-AMPS on copper and brass surfaces, a secondary electron 
detector was also used. In this analysis, 0.01g of each polymer will be placed on the 
sample stage of the SEM where samples were coated with graphite under a high-
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pressure vacuum before the analysis to increase its conductivity. The then coated 
samples were placed on the chamber stage where the high pressure could build in the 
SEM chamber and allow the stage to be adjusted to obtain clear images.  
 
The SEM images of the polymer composite were captured and recorded to show the 
presence of the binary phase in the polymer composite. The elemental composition of 
the synthesized polymer composite was determined using the EDX technique. The 
data obtained from the EDX analysis shows the percentage of several elements that 
make up the polymer composite. The SEM was also used to study the morphology of 
the corroded surfaces of copper and brass in the presence and absence of inhibitor 
PVP-AMPS and to study the mechanism of corrosion inhibition. The interaction 
between the polymer composite (PVP-AMPS) and copper and brass were studied by 
EDS spectra to identify the adsorption that took place. 
  
  
 
Figure 3.1: Summary of the research methodology 
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CHAPTER FOUR  
4.0 Introduction 
In this chapter, the corrosion inhibition of the polymer composite PVP-AMPS 
in 1M HCl will be discussed in detail. The results obtained were derived from 
the objectives outlined. The polymer composite PVP-AMPS was characterized 
and its findings discussed in detail. 
 
4.1 Characterization of Polymer Composite PVP-AMPS 
PVP-AMPS was characterized using FTIR, SEM/EDS, and XRD techniques. 
Figure 4.1 (a) and (b) show the structures of parent PVP and AMPS 
respectively. 
 
4.1.1 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 
The FTIR was used to measure the absorption bands which identified the 
molecular components and structures of the PVP-AMPS composite. The 
spectrum of the polymer composite PVP-AMPS was used to confirm 
polymerization between PVP, and AMPS as shown in Figure 4.1. The peaks for 
PVP at 2927 and 1655.41 cm-1 proved the existence of symmetric and 
asymmetric stretching of CH2 and stretching of C=O. The C-H bending and CH2 
wagging were observed at 1425 cm-1 and 1276 cm-1, respectively. The peaks 
at 1041 cm-1 and 637 cm-1 were identified as the CH2 rock and N-C=O bending 
respectively and these findings are in line with the explanation given by 
D’Amelia et al. [94]. 
 
The FTIR spectra in Figure 4.1 were also used to show the characteristic 
adsorption band for AMPS. The absorption bands observed at 3236.35cm-1 and 
2992cm-1 are due to the N-H and C-H stretching bands respectively. The 
characteristic band of AMPS observed at 1076.91 cm-1 was for the SO group 
as similarly observed by Awadallah et al. [95]. The C=O and the secondary 
amide N-H deformation peak of AMPS were observed at 1661.49 cm-1 and 
1548.57 cm-1 respectively and this explanation is in line as the findings 
observed by Jamshidi and Rabiee [96].  
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The FTIR spectrum of PVP-AMPS in Figure 4.1 presented the characteristic 
peaks of AMPS and PVP. The band at 3187.34 cm-1 was attributed to the N-H 
stretching of AMPS and PVP. The methyl and methylene vibration bands were 
observed at 2855.78 cm-1. The vibrational stretching of the sulphonic acid of 
AMPS was observed at a peak of 1297.14cm-1. The peaks of PVP-AMPS at 
1699.23 cm-1 and 1421.80.14 cm-1 represented the characteristic peaks of 
HNC-O and C–N of amide groups for AMPS and PVP respectively. The 
disappearance of the peaks at 3000–3100 cm-1 which were the stretching 
vibration of HC according to Atta et al. [97] suggested the crosslinking 
polymerization of AMPS. The polymer composite PVP-AMPS did not indicate 
the presence of the O-H characteristic due to the removal of the water molecule 
during the process of polymerization. 
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Figure 4.1: FTIR Spectra of PVP-AMPS, AMPS, and PVP 
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4.1.2 Morphological Studies of PVP, AMPS and PVP-AMPS with the SEM 
The SEM (TESCAN Vega 3XMU) coupled with the EDS (oxford energy-
dispersive) was used to study the surface morphology of the copolymers (PVP 
and AMPS). The micrographs of the different phases from the copolymers were 
analysed as shown in Figure 4.2 (a), (b) and (c). In Figure 4.2 (a), the PVP 
copolymer particles evidently were of spherical-like shape where the structure 
of AMPS monomer showed uniform numerous porous and interconnected 
pores to each other. The PVP copolymer particles evidently were of spherical-
like shape as shown in Figure 4.2 (b) and this is in line with the given by Chhouk 
et al. [98]. In Figure 4.2 (c), a binary mixture which comprised of both the PVP 
and the AMPS in the form of rod-like structures. The SEM micrographs of PVP, 
AMPS were taken to form part of the analysis as the parent constituents of the 
polymer composite PVP-AMPS.  
 
 
 
 
 
Figure 4.2: SEM Micrographs of a) AMPS, b) PVP and c) PVP-AMPS 
A B 
C 
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According to the EDS Spectroscopy shown in Figure 4.3, it was observed that 
AMPS constitutes a large percentage of N atom count. The high N atom count 
indicates that the polymer composite had been produced. 
Figure 4.3: EDS Spectra of (a) PVP (b) AMPS and (c) PVP-AMPS 
 
4.1.3 XRD Pattern of PVP, AMPS and PVP-AMPS 
The XRD analysis was used to confirm the synthesized polymer composite. 
The XRD patterns of the copolymer (PVP), the monomer (AMPS), and polymer 
composite (PVP-AMPS) are illustrated in Figure 4.4 (a), (b) and (c). The XRD 
pattern for PVP shows an amorphous structure with the presence of fewer 
sharp peaks similarly observed by Mishra et al. [99] as compared to that of 
AMPS and PVP-AMPS. AMPS and PVP-AMPS both illustrate a crystalline 
pattern with numerous peaks. The crystallinity of the polymer composite makes 
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the inhibitor water-soluble. In addition, the XRD pattern of PVP-AMPS in Figure 
4.4 (c) is completely different from that of PVP in Figure 4.4 (a) which confirms 
the occurrence of the process of polymerization.  
 
 
Figure 4.4: XRD patterns for (a) PVP, (b) AMPS and (c) PVP-AMPS 
 
4.2 Gravimetric Analysis (Weight Loss Measurement) 
The inhibition efficiencies of PVP-AMPS on copper and brass were calculated 
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4.2.1 Effect of Concentration on Corrosion Behaviour 
The corrosion inhibition performance of PVP-AMPS was studied by monitoring 
the weight loss of copper and brass in 1M HCl. The weight loss of copper and 
brass samples was determined in the absence and presence of PVP-AMPS. 
The variation in the concentrations of the inhibitor and corrosion rate were 
studied and it was observed that the corrosion rate decreases with the increase 
in the concentration of PVP-AMPS. The increase in the inhibition efficiency (IE) 
with the increase in the concentration of the inhibitor is due to the solubility of 
PVP-AMPS in the corrosive media, therefore, resulting in a decrease in the 
corrosion rate of copper and brass as observed by Karthikaiselvi and 
Subhashini [100]. 
 
At 800ppm of PVP-AMPS, the highest IE’s obtained were due to the presence 
of nitrogen (N) and oxygen (O) in the polymer composite which plays an 
important role in the inhibitory action [2] as active centres and electrostatic 
forces between the inhibitor (PVP-AMPS) and copper and brass respectively. 
The heterogeneous atoms (O and N) according to Xu et al. [19] with their strong 
ability to donate electrons. Adsorption of the PVP-AMPS onto the surfaces of 
copper and brass results in an increase in inhibition efficiency. 
 
4.2.2 Effect of Time on Corrosion Inhibition of Copper and Brass 
It is of importance to factor in the effect of time when characterizing the 
corrosion inhibition efficiency of any corrosion inhibitor. Immersion studies were 
conducted to evaluate the stability of the inhibitor film and the rate of adsorption 
of the inhibitor. The immersion tests were for 3 to 24 hours and variation in IE 
for copper and brass are shown in Table 4-1and Table 4-2. As shown in  
Figure 4.5 a and b, the maximum IE of PVP-AMPS on copper and brass 
respectively was 79.17% and 80.26% and these were observed the earliest 
immersion period of 3 hours at a concentration of 800ppm. At the longest 
immersion period of 24 hours, the lowest IE of PVP-AMPS on copper and brass 
respectively were observed at 18.37% and 19.62% at a concentration of 
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50ppm. As the immersion time increased, the decrease in the inhibition 
efficiency was witnessed after 9 hours and this explanation is in line with the 
findings observed by Arockiasamy et al. [101]. 
Table 4-1: Gravimetric method results showing the variation of IE for the 
corrosion of copper in 1M HCl in the absence and presence of PVP-AMPS 
 
Conc 
(ppm) 
Exposure time (hours) 
3 9 12 24 
Blank - - - - 
50 20,83 19,73 18,37 17,56 
100 27,78 25,44 22,09 20,70 
200 37,50 34,94 30,65 28,02 
300 44,44 37,45 35,47 31,51 
400 52,78 43,08 41,78 35,58 
500 55,56 47,42 44,19 41,63 
600 65,28 58,50 52,19 48,95 
700 73,61 67,41 64,31 59,53 
800 79,17 69,83 67,54 64,42 
 
Table 4-2: Gravimetric method results showing the variation of IE for the 
corrosion brass in 1M HCl in the absence and presence of PVP-AMPS 
 
Conc 
(ppm) 
Exposure time (hours) 
3 9 12 24 
Blank 0 0 0 0 
50 24,52 22,62 20,61 19,62 
100 32,68 25,17 23,03 21,74 
200 40,82 31,73 27,52 25,42 
300 53,37 40,90 38,96 32,90 
400 57,99 46,49 42,57 40,67 
500 63,91 52,15 47,66 45,94 
600 67,74 62,18 58,06 53,75 
700 79,58 69,63 66,96 61,96 
800 80,26 74,49 70,77 66,79 
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Figure 4.5: Graphs showing the effect of exposure time on the inhibition 
efficiency of PVP-AMPS for (a) copper and (b) brass 
 
The IE decreased with an increase in immersion time due to the desorption of 
the corrosion inhibitor (PVP-AMPS) from the surface of copper and brass and 
this is in line with the observations made by Tsoeunyane et al. [2] exposing the 
metal to corrosive media thereby increasing metal-solution contact [102]. 
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4.2.3 Effect of Temperature on Corrosion Behaviour 
The temperature has a major effect on the corrosion behaviour of copper and 
brass in a corrosive environment because as it increases, it increases the 
corrosion rate as shown in Figure 4.6 (a) and (b). Maximum IE was obtained at 
298K (25C) at 72.22% and 80.26% for copper and brass. The lowest IE was 
observed at the highest temperature of 333K (60C) at efficiencies of 63.89% 
and 69.01% for copper and brass respectively as shown in Table 4-3. 
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Figure 4.6: Graph showing the effect of temperature on inhibition efficiency of 
(a) copper and (b) brass at various concentrations 
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Table 4-3: Effect of temperature on the corrosion rate of copper and brass in 
1M HCl in the absence and presence of PVP-AMPS at various concentrations 
 
Corrosion rate (CR) / mg cm-2h-1 
Concentration/ppm 
Temp /K 
Copper Brass 
Blank 50 800 Blank 50 800 
298 0 0,00124 0,0003 0 0,0125 0,0172 
313 0 0,0221 0,0071 0 0,0189 0,0066 
333 0 0,0136 0,0005 0 0,0657 0,0048 
 
The decrease in IE of PVP-AMPS showed the instability of PVP-AMPS when 
subjected to high temperatures. PVP-AMPS showed the ability to desorb from 
the surfaces of copper and brass at higher temperatures [103]. The desorption 
mechanism can be attributed to the exothermic reaction taking place on the 
surfaces of copper and brass [15]. 
 
4.2.4 Adsorption Isotherms  
Adsorption isotherms describe the interaction between the molecules of the 
PVP-AMPS inhibitor as well as the surface of brass and copper substrates [20]. 
Adsorption Isotherms are used to show the mechanism of corrosion inhibition 
on the surface of copper and brass. Adsorption Isothermal principles such as 
Langimur, Frumkin and Temkin-Parsons were used in this study to show the 
variation in surface coverage (θ) with respect to the concentrations of PVP-
AMPS and to fit the best linearity as shown in Figure 4.7 (a), (b) and (c) for 
copper and Figure 4.8 (a), (b) and (c) for brass. 
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Figure 4.7: The Langmuir, (b) Frumkin and (c) Temkin-Parsons adsorption 
isotherms for copper in 1M HCl in the presence of PVP-AMPS 
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Figure 4.8: The (a) Langmuir, (b) Frumkin and (c) Temkin-Parsons adsorption 
isotherms for brass in 1M HCl in the presence of PVP-AMPS 
In Table 4-4, the correlation coefficients (R2), from the Langimur, Frumkin and 
Temkin-Parsons adsorption isotherms were shown. The Langmuir adsorption 
mechanism isotherm was found to be the best fit with the best correlation close 
to unity and was deduced using equation 4.1: 
 
C
θ
=
1
Kads
+ B    (4.1) 
 
Where C is the concentration of PVP-AMPS inhibitor, θ being the surface 
coverage, K being the equilibrium constant and B the intercept. During the 
gravimetric analysis (weight loss tests), the surface coverage (θ) at different 
inhibitor concentrations on the surface of brass and copper respectively was 
evaluated. The mechanism of adsorption onto the surface of the substrate 
results in a higher degree and therefore greater inhibitive properties. 
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Table 4-4: Correlation coefficient (R2) for PVP-AMPS on the surfaces of copper 
and brass. 
 
Temp 
(K) 
Correlation coefficients (R2) for various isotherm models 
Copper Brass 
Langmuir Frumkin 
Parsons-
Temkin 
Langmuir Frumkin 
Parsons-
Temkin 
298 0,9759 0,9877 0,9858 0,9428 0,9201 0,9251 
313 0,9878 0,9303 0,7929 0,9925 0,9825 0,9801 
333 0,9533 0,9825 0,9317 0,9046 0,8709 0,8751 
 
The dissolution of copper and brass showed a close relationship with reference 
to the Langmuir plot. Figure 4.7 (a) and Figure 4.8 (a) show the Langmuir 
isotherm model plots for the dissolution of copper and brass respectively which 
appeared to have close correlation coefficients. 
 
The kinetic parameters of the system under study were assessed using the data 
obtained from gravimetric analysis at different concentrations of PVP-AMPS 
and temperatures. The Arrhenius equation and the transition state equations 
were used to determine the activation energy, entropy, and enthalpy of 
adsorption of PVP-AMPS on the surfaces of copper and brass respectively. The 
activation energy (Ea) of copper and brass respectively were calculated from 
the Arrhenius equation using equation 4.2:  
 
log CR =  −
Ea
 2.303RT
+ log A   (4.2) 
 
Where CR was the corrosion rate, Ea was activation energy, R was the molar 
gas constant, A was the frequency factor, and T was the absolute temperature. 
A linear relationship was witnessed on the log CR vs 1/T plots in the presence 
and absence of different concentrations of PVP-AMPS as shown in  
Figure 4.9 and Figure 4.10 for copper and brass. The slope parameter of the 
plot, (−
Ea
 2.303R
) was used to determine the activation energy shown in Table 4-6. 
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The results showed that the activation energy of the blank solution was found 
to be 28,62 KJmol-1 for copper and 32,22 KJmol-1 for brass at the highest 
inhibition concentration of 800 ppm. 
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Figure 4.9: Arrhenius Plot for Copper in PVP-AMPS 
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Figure 4.10: Arrhenius Plot for Brass in PVP-AMPS 
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The increase in activation energy confirmed that PVP-AMPS was adsorbed 
onto the surfaces of both copper and brass. The adsorption of PVP-AMPS was 
attributed to the decree in the surface area available for metal dissolution. 
Moreover, Ea values increased with the increase in concentration [2]. PVP-
AMPS has heteroatoms such as oxygen and nitrogen which formed and 
interaction between electrons with the copper and brass surfaces. As the 
temperature was increased the rate of the reaction increased [43]. 
 
4.2.5 Thermodynamic Parameters of Adsorption  
Thermodynamic parameters play an important role in understanding the 
inhibitive mechanism and the strength and mode of adsorption of any inhibitor. 
To determine the thermodynamic parameters such as Gibbs Free energy of the 
absorption of PVP-AMPS (ΔGads), the resultant surface coverages obtained 
from the inhibition efficiencies at different concentrations and temperatures. 
The free energy of adsorption was calculated using equation 4.3: 
 
∆G = −RTln(55.5Kads)   (4.3) 
Where R is the molar gas constant with 8.314 kJ
-1
mol-
1
, T is the temperature in 
Kelvin and 55.5 being the molar concentration of water. The equilibrium 
constant of adsorption (Kads) was determined from the intercept of the Langmuir 
adsorption isotherm plot. 
 
Table 4-5: Free energy absorption of copper and brass in PVP-AMPS at 
different temperatures 
 
Conc 
(ppm) 
ΔGads (kJmol-1) at different temperatures (K) 
Copper Brass 
298 K 313 K 333 K 298 K 313 K 333 K 
Blank 0 0 0 0 0 0 
50 -10,65 -11,18 -11,89 -11,39 -11,97 -12,73 
800 -9,98 -10,49 -11,16 -9,24 -9,71 -10,33 
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From the analysis in Table 4-5, the negative values of ΔGads
 indicate the 
spontaneity of adsorption of the adsorbed layer on copper and brass surfaces 
as well as the. It has been proposed that if the modulus value of ΔGads is less 
than 20 kJmol
-1
, the mechanism of adsorption is assumed to be a physisorption 
process and if the ΔGads value is greater than the 40 kJmol
-1
, the mechanism of 
adsorption is assumed to be a chemisorption process [2]. In this study, it was 
observed that the physisorption process was dominant because, at the highest 
concentration of 800ppm, ΔGads at 298K was -9.98 kJmol
-1 
for copper and                    
-9.24 kJmol
-1
 for brass.  
 
The electrostatic interaction between the inhibitor PVP-AMPS with the surfaces 
of copper and brass showed a decrease in the %IE with an increase in 
temperature. The enthalpy (∆H) and the entropy (∆S) of adsorption were 
calculated from rearranged Gibbs Helmholtz as shown in equation 4.4: 
 
ΔG = ΔH − TΔS    (4.4)  
The values of enthalpy (ΔHa) and entropy (ΔSa) of the activation of the 
dissolution of copper and brass were evaluated from the results of the effect of 
temperature on the process of dissolution using equation 4.5:  
 
log CR 
T
=  log (
R
nh
) +
∆Sa
2.303R
−
∆Ha
2.303T
   (4.5) 
Where CR was the corrosion rate at temperature T, R was the gas molar 
constant, n was Avogadro’s constant, and h was the Planck’s constant. As 
shown in Figure 4.11 (a) and (b), the plots of log (CR/T) vs 1/T at different 
concentrations for copper and brass was produced and a linear relationship 
was observed.  
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Figure 4.11: Transition state plot of (a) Copper and (b) Brass in 1 M HCl in the absence 
and presence of the different concentrations of PVP-AMPS. 
 
The parameter of the dissolution formula (-ΔH/2.303R) corresponded to the 
slope and the intercept corresponded to log (R/nh) + ΔS/2.303R- which were 
used to determine the enthalpy and the entropy (ΔHa and ΔSa) as shown in 
Table 4-6. 
 
Table 4-6: Kinetic parameters of copper and brass dissolution in 1M HCl in the 
absence and presence PVP-AMPS 
Conc 
(ppm) 
Copper Brass 
Ea 
(kJmol-1) 
(ΔS) 
(kJmol-1) 
(ΔH) 
(kJmol-1) 
Ea 
(kJmol-1) 
(ΔS) 
(kJmol-1) 
(ΔH) 
(kJmol-1) 
Blank 28,62 -251,04 13,72 17,97 -200,10 13,46 
50 28,84 -254,48 13,72 17,17 -194,79 13,44 
800 32,22 -289,53 13,78 13,29 -165,15 13,35 
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The positive values of ΔH indicate that the dissolution of copper and brass is 
an endothermic reaction. This therefore also reflected the formation of an 
ordered stable film of inhibitor on the copper and brass surfaces. With the 
increase in temperatures, the inhibition efficiency was decreased thus 
confirmed the endothermic reaction that took place. 
 
4.3 Electrochemical and Surface Analytical Studies 
4.3.1 Polarization Studies of PVP-AMPS 
Polarization plots in  Figure 4.12 (a) and (b) were obtained for the copper and 
brass samples respectively in a 1M HCl solution in the presence and in the 
absence of different concentrations of the inhibitor (PVP-AMPS). The Tafel 
experimental data in Table 4-7 was used to estimate the instantaneous 
corrosion rate of copper and brass respectively in the presence and absence 
of PVP-AMPS at different concentrations.  
 
Table 4-7:Potentiodynamic polarization IE data for Copper and Brass in 1M HCl 
 
 Conc 
(ppm) 
Copper Brass 
Icorr %IE Icorr %IE 
Blank 278.94 0 291.41 0 
200 169.87 39 172.28 41 
300 144.46 48 130.87 55 
400 128.16 54 108.77 63 
500 118.86 57 93.10 68 
600 94.30 66 74.33 74 
700 62.56 78 63.21 78 
800 55.23 80 54.527 81 
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Figure 4.12: Tafel plot for (a) Copper and (b) Brass in a blank HCl solution and 
various concentrations of PVP-AMPS 
 
The plots for both copper and brass in the presence of PVP-AMPS both show 
the cathodic and anodic reaction which results in the cathodic current that 
corresponds to the hydrogen evolution reaction decreasing and the anodic 
reaction showing an active-passive transition [104]. The active dissolution 
involves the appearance of two anodic peaks followed by a permanent passive 
region [105]. After a certain amount of the oxidation of copper and brass, the 
film on the surfaces was formed due to the adsorption of CuClads and ZnClads 
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species which hindered the dissolution process resulting in the drop in the 
anodic current [106]. When the concentration of chloride ions is very high such 
as in the blank solution of HCl such a process was not experienced. 
 
In the presence of the inhibitor PVP-AMPS at different concentrations, it can 
be noted that both the anodic and the cathodic branches shift toward smaller 
current densities. The shift suggested that the composite acts as a mixed-type 
inhibitor [43], [106]. The corrosion current density (observed in the case of the 
blank solution) was despaired by the addition of the inhibitor at different 
concentrations [107]. In Table 4-7, the current corrosion density (Icorr) 
decreases with an increase in the concentration of PVP-AMPS. In turn, the 
inhibition efficiency (%IE) increases with an increase in the concentration of 
PVP-AMPS.  
 
The inhibiting effect decreases at lower concentrations and increases at higher 
concentrations which suggests that the composite acts as an inhibitor at the 
highest concentration of 800ppm. The results indicated that the inhibitor PVP-
AMPS formed film by the process of adsorption on the surfaces of copper and 
brass involving interactions between the π-electrons of the heterocyclic 
structure of PVP-AMPS and the vacant d-orbitals of copper and brass surface 
atoms. The electrochemical parameters such as the corrosion current density 
(Icorr), cathodic and anodic Tafel slopes (βc and βa) in Table 4-8 were calculated 
by the extrapolation of the Tafel polarization plot. The inhibition efficiency was 
calculated using equation 4.6: 
 
%IE =
Icorr(blank)−Icorr(inhibitor)
Icorr(blank)
× 100  (4.6) 
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Table 4-8:Tafel parameters of the dissolution of copper and brass in the 
absence and presence of PVP-AMPS at different concentrations 
 
Conc 
(ppm) 
Copper Brass 
Ecorr Icorr Βa Βc Ecorr Icorr Βa Βc 
Blank -345.41 278.94 90.8 155.2 -360.17 291.41 78.1 107.6 
200 -343.82 169.87 77.7 138.10 -356.66 172.28 83.1 208.3 
300 -356.31 144.46 86.5 126.14 -357.47 130.87 82.6 111.5 
400 -352.29 128.16 87.2 124.59 -362.12 108.77 84.9 108.2 
500 -360.26 118.86 87.3 108.11 -360.33 93.10 88.6 124.6 
600 -365.22 94.30 83.8 205.79 -344.15 74.33 82.3 152.1 
700 -361.09 62.56 88.9 114.32 -346.67 63.21 76.0 119.8 
800 -339.77 55.23 65.4 145.45 -333.39 54.527 65.9 125.2 
 
Both the cathodic and anodic Tafel slopes were seen to have changed in the 
presence of inhibitor [106]. The corrosion current densities for all with the 
presence on PVP-AMPS were smaller than the blank solution. The inhibition 
efficiency of up to 80% and 81% for copper and brass respectively were 
achieved at 800ppm concentration of PVP-AMPS. It is shown from the 
impedance results that the volatile corrosion inhibitors (VCI’s) inhibit the 
corrosion of copper and brass in 1M HCl and the inhibition efficiency increased 
by increasing the concentration as observed by Quraishi et al. [108] and Ramdé 
et al. [109]. 
 
The data presented in Table 4-8 shows that the cathodic Tafel slope βc changes 
with an increase in the concentration of PVP-AMPS where the changes in the 
anodic βa slope suggest that the changes are attributed to the adsorption of the 
inhibitor PVP-AMPS onto the surfaces of copper and brass. Inhibitor 
classification between an anodic and a cathodic inhibitor is brought about by 
the shift in Ecorr as when the Ecorr is more than 85mV with respect to the blank 
solution [2] which suggests that both the reactions are affected by the inhibitor.  
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4.3.2 Electrochemical Impedance Spectroscopy Studies of PVP-AMPS 
The Nyquist plots of copper in HCl at various concentrations of PVP-AMPS 
ranging from 200ppm, 300ppm, 400ppm, 500ppm, 600ppm, 700ppm, and 
800ppm as well as in a blank solution for copper and brass are shown 
respectively in Figure 4.13 and Figure 4.14. The Bode plots for copper and 
brass are shown in Figure 4.16 (a) and (b). In both the blank and the inhibited 
HCl solutions, the spectra were characterized by two slightly distorted 
semicircles one at a higher and the other at a lower frequency [110].  
 
The surfaces of copper and brass were protected by the formation of a copper-
oxide and zinc-oxide film as observed by Kosec et al. [111]. The semicircle at 
higher frequency was qualified by the presence of the to the oxide layer on the 
surface of copper [112]. The authors Satpati et al [106], Wei et al [110] and 
Lloyd [113] observed as also shown in this work that the second semicircle was 
due to the diffusion process of CuCl2 and the ZnCl2 charge process into the 
solution which was brought about by the Warburg parameter. 
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Figure 4.13: Nyquist plot for (a) Copper in 1M HCl and various concentrations 
of PVP-AMPS 
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Figure 4.14: Nyquist plot for (b) Brass in 1M HCl and various concentrations of 
PVP-AMPS 
 
The results from the Bode plots as shown in Figure 4.15 and Figure 4.16 for 
copper and brass revealed that an increase in the corrosion inhibitor 
concentration improves the corrosion inhibition efficiency. The results also 
suggest that the PVP-AMPS composite obeyed the Langmuir adsorption 
isotherm for adsorption on the surfaces copper and brass. 
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Figure 4.15: Bode plots for (a) Copper in 1M HCl and various concentrations of 
PVP AMPS 
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Figure 4.16: Bode plots for (b) Brass in 1M HCl and various concentrations of 
PVP AMPS 
 
In the low-frequency region illustrating the Bode plot, the |Z| increases with a 
decrease in frequency due to the diffusion of oxygen and chloride from the 
solution resultant at greater immersion times [114]. As the concentration of the 
inhibitor increases, the |Z| value increases. As the inhibitor concentration 
increases, resistance against corrosion was observed by Wei et al. [110]. At 
optimal inhibitor concentrations, defect-less layers of with promising inhibition 
are shown in the Blode plots. The equivalent electrical circuit (ECC) in Figure 
4.17 was used to show the behaviour of copper and brass respectively in the 
presence of PVP-AMPS. 
 
 
Figure 4.17: Equivalent circuit model used to analyse the electrical behaviour 
of copper and brass in the presence of PVP-AMPS 
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The EIS parameters for both copper and brass are illustrated in Table 4-9 and 
Table 4-10. The solution resistance in the circuit was represented by the 
element R1. Element R2 corresponds to the charge resistance (Rct) of both 
copper and brass respectively where R3 represents the charge transfer 
resistance due to inhibitor film formation.  
Table 4-9: EIS parameters for Copper 
 
Conc 
(ppm) 
R1 
(Ohm) 
Q1 (f.s)a- 
×10-3 
a1 R2 Q3 a3 R3 
Blank 1.70 0.369 0.9 2.875 9.64 0.5 55.73 
200 2.72 0.32 0.766 2.366 9.75 0.707 102 
300 4.46 0.17 0.817 2.32 8.69 0.72 105.7 
400 4.99 4.90 0.49 4.6 5.067 0.805 98.7 
500 5.42 5.35 0..52 3.96 4.94 0.83 96.3 
600 5.75 5.25 0.503 3.754 4.83 0.808 95 
700 6.31 9.96 0.44 7.944 1.478 0.999 87.75 
800 6.92 0.2 0.67 2.821 6.56 0.696 96.3 
 
Table 4-10: EIS parameters for Brass 
 
Conc 
(ppm) 
R1 
(Ohm) 
Q1 (f.s) 
a×10-3 
a1 R2 Q3 a3 R3 
Blank 2.26 0.155 0.64 1.57 8.71 0.181 0.079 
200 1.87 8.46 0.47 4.58 1.84 1 146.1 
300 1.88 0.16 0.84 4.98 8.56 0.73 103.2 
400 2.39 0.19 0.84 5.33 8.59 0.71 98.5 
500 2.07 9.86 0.46 5.80 1.91 1 103.8 
600 1.09 0.1 0.88 6.25 9.11 0.693 78.91 
700 2.14 0.17 0.84 6.86 9.06 0.675 72.26 
800 1.812 0.13 0.86 1.57 9.28 0.628 78.1 
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In the presence of the inhibitor PVP AMPS, the values of Rct and the resultant 
inhibition efficiency increase. Q2 and Q3 are constant phase elements which 
represent the layer between metal solution interface before and after the 
formation of the thin-film layer. The increase in Rct and %IE as shown in Table 
4-11 is attributed to the formation of a protective film on the copper-HCl as well 
as the brass-HCl interface [104]. The decrease in the charge capacitance 
values, which normally results in an increase in the thickness of the double 
layers due to the adsorption [115] of PVP-AMPS onto the copper, brass and 
the interface of the electrolyte (HCl). The double-layer capacitance (Cdl) of the 
layer of PVP-AMPS. 
Table 4-11: Corrosion efficiencies for copper and brass calculated from EIS 
 
The charge transfer resistance (R2) and the layer of resistance (R1) for the 
copper and brass in the various concentrations increases compared to the 
copper and brass in the blank solution due to PVP preventing the diffusion of 
oxygen onto the surfaces of the respective metals. The resistances in Table 
4-11 were 1.703 ×102 Ohm/cm2 and 1.57 ×102 Ohm/cm2 for copper and brass 
in the blank solution. At the maximum inhibition concentration of 800ppm, the 
resistance was 6.917×102 Ohm/cm2 and 6.862 ×102 Ohm/cm2 for copper and 
brass respectively. The charge transfer resistance was observed to have 
increased with the increase in the inhibitor concentration. The adsorption 
mechanism of PVP-AMPS onto the surfaces of copper and brass respectively 
causes a decrease in the capacitance and an increase in the resistance of the 
Conc 
(ppm) 
Copper Brass 
Rct (Ohm/cm2)×102 % IE Rct (Ohm/cm2)×102 % IE 
Blank 1.70 0 1.57 0 
200 2.72 37.5 2.65 40.8 
300 4.46 61.9 4.58 65.7 
400 4.99 65.9 4.98 68.5 
500 5.42 68.6 5.33 70.5 
600 5.75 70.4 5.80 72.9 
700 6.31 73.1 6.25 74.9 
800 6.92 75.4 6.86 77.1 
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charge transfer as observed by Satpati et al. [106] and Al Juhaiman et al. [116]. 
When the resistance of the charge transfer increased, there resulted in a 
decrease in the metal oxidation reaction.  
 
4.3.3 Variable Amplitude Micro-Sinusoidal Polarization Studies of PVP-
AMPS 
 
To determine the polarization resistance (Rp), the VASP may be used and other 
corrosion parameters as they are listed in Table 4-12. Figure 4.19 and Figure 
4.19 show the plots of Rp vs sinus amplitude for the dissolution of copper and 
brass in 1M HCl with different concentrations of PVP-AMPS. Polarization may 
occur on either the anodic or cathodic side depending on the dominance of the 
reaction [117] and since the cathodic side was more dominant, copper and 
brass were cathodically polarized.  
 
Table 4-12: VASP Parameters of copper and brass respectively in 1M HCl in the 
absence and presence of PVP-AMPS 
 
Conc/ppm 
Copper Brass 
Rp (x10)/Ohm %IE Rp (x10)/Ohm %IE 
Blank 4,25 0 3,5 0 
200 4,75 10,5 4,5 22,2 
300 4,76 10,7 4,6 23,9 
400 4,8 11,5 4,9 28,6 
500 4,9 13,3 5,1 31,4 
600 5,15 17,5 5,3 34,0 
700 5,2 18,3 5,5 36,4 
800 5,35 20,6 5,7 38,6 
  
The Rp of the system increased with increasing concentrations of the PVP-
AMPS inhibitor. The increase in Rp was also due to the film formation of the 
inhibitor (PVP-AMPS) on the surfaces of copper and brass as the concentration 
was increased. Increasing the concentration on the PVP-AMPS afforded more 
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active sites for the absorption process to take place consequently protection is 
increased by the formation of the protective film. The VASP inhibition efficiency 
of copper and brass with and without PVP-AMPS calculated by equation 4.7: 
 
%IE =
Rp−Rp
0
Rp
× 100     (4.7) 
 
Where; 
R0p is the polarization resistance of copper and brass in the blank solution; and 
Rp is the polarization resistance of the electrode with the inhibitor PVP-AMPS. 
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Figure 4.18: VASP plots for (a) Copper with and without the presence of the 
inhibitor PVP-AMPS 
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Figure 4.19: VASP plot for b) Brass with and without the presence of the 
inhibitor PVP-AMPS 
 
4.4 Surface Morphology of Copper and Brass 
The surface morphologies of copper and brass in the absence and presence of 
PVP-AMPS samples were immersed in HCl for a period of 3 hours. In Figure 
20 (a) and (b), resultant for copper and brass in the blank solution of HCl where 
were large pits as well as milky (white) substances showing the formation of the 
oxide layer (scale). In Figure 20 (c) and (d), the surface morphologies for copper 
and brass respectively are shown after immersion into HCl solution with the 
presence of the inhibitor PVP-AMPS for 3 hours. It was observed that the 
surfaces of copper and brass were smoother, showing the protection ability of 
the layer of PVP-AMPS against the corrosion of copper. 
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Figure 4.20: SEM micrograph of copper (a) and (b) brass in the blank 1M HCl 
solution (c) copper in 1M HCl + PVP-AMPS and (d) brass in 1M HCl + PVP-
AMPS 
 
The scanning electronic microscopy (SEM) images of a copper and brass 
surfaces that have been exposed in an HCl solution in the presence and 
absence of the corrosion inhibitor PVP-AMPS for a period of 3 hours. In the 
figures, in the absence of the corrosion inhibitor, there is a presence of white 
bands that connote the formation of scaly corrosion products on the surface of 
the brass. The EDX analysis identified the characteristic scale and corrosive 
product elements (Ca, O and C).  
 
A B 
D C 
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The SEM micrographs in the presence of PVP-AMPS revealed a surface free 
of white bands classified as corrosion products due to the formation of a passive 
protective layer on the surface of the brass as observed by El Bakri et al. [43] 
and Santos et al. [118], the protective layers' ability to protect the brass is due 
to the formation of copper and zinc complexes with PVP-AMPS on the brass 
surface.  
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CHAPTER FIVE  
5.0 Conclusion  
The inhibition efficiency of PVP-AMPS on the corrosion behaviour of copper 
and brass in 1M HCl solution was achieved in this study. 
• A polyamine derivative 2-acrylamide-2methylpropansulphonic acid 
(AMPS) coupled with polyvinylpyrrolidone (PVP) were synthesised by a 
process of polymerization to form a water-soluble polymer composite 
PVP-AMPS.  
• The polymer composite PVP-AMPS was characterized by the FTIR, 
XRD, SEM and EDX techniques. The spectrum of the resultant polymer 
composite PVP-AMPS confirmed polymerization between PVP and 
AMPS. The FTIR spectra of PVP-AMPS indicated the presence of the 
amine group. The results from the EDX showed the presence of 
heteroatoms such as nitrogen and oxygen which were expected in the 
resultant composites. The above-mentioned heteroatoms in the polymer 
composite play an important role in the inhibitory action as active centres 
and electrostatic forces between the inhibitor (PVP-AMPS) and copper 
and brass respectively. 
• The inhibition efficiency of PVP-AMPS in 1M HCl on the surfaces of 
copper and brass for corrosion protection was studied using gravimetric 
(weight-loss) and electrochemical techniques.  It was observed that the 
inhibition efficiency for PVP-AMPS increased with an increase in the 
concentration of the inhibitor. The inhibition efficiency of the PVP-AMPS 
in HCl reached a maximum of 79.19 and 80.26% for copper and brass 
respectively at an optimum concentration of 800ppm at the earliest 
immersion period of 3 hours. 
•  The corrosion rate was evident to increase with an increase in 
temperature resulting in a decrease in IE. Maximum IE was obtained at 
298K at 72.22% and 80.26% for copper and brass and the lowest IE was 
observed at the highest temperature of 333K at efficiencies of 63.89% 
and 69.01%. The decrease in IE of PVP-AMPS showed the instability of 
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PVP-AMPS when subjected to high temperatures due to the desorption 
process. 
• The adsorption of PVP-AMPS on the surface of copper and brass 
followed monolayer adsorption and concluded that adsorption of PVP-
AMPS on the surface of copper and brass obeyed Langmuir isotherm. 
• The inhibitive mechanism and the strength and mode of adsorption of 
PVP-AMPS were determined and the obtained negative values of ΔGads 
indicated the stability of the adsorbed layer on copper and brass 
surfaces as well as the spontaneity of the adsorption process.  
• An endothermic reaction was observed to indicate the dissolution of 
copper and brass as well as the formation of an ordered stable film of 
inhibitor on the copper and brass surfaces. With the increase in 
temperatures, the inhibition efficiency was decreased thus confirmed the 
endothermic reaction that took place. 
• In the presence of PVP-AMPS both copper and brass overthrow the 
cathodic and anodic reaction which results in the cathodic current which 
corresponds to the hydrogen evolution reaction decreasing and the 
anodic reaction showing an active-passive transition.  
• EIS studies denoted that in the presence of the inhibitor PVP-AMPS at 
different concentrations, it can be noted that, both the anodic and the 
cathodic branches shift toward smaller current densities. The shift 
suggested that the composite acts as a mixed-type inhibitor. The current 
corrosion density (icorr) decreases with an increase in the concentration 
of PVP-AMPS. In turn, the inhibition efficiency (%IE) increases with an 
increase in the concentration of PVP-AMPS. 
• The surface morphology of copper and brass in the absence of the 
corrosion inhibitor showed the presence of white bands which connote 
the formation of scaly corrosion products on the surface of the brass. In 
the presence of the inhibitor, the protective layer was attributed to the 
formation of copper and zinc complexes with PVP-AMPS on copper and 
brass surfaces. 
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• Convincingly, it could be supposed that PVP-AMPS successfully inhibits 
the corrosion of copper alloys (copper and brass) in 1M HCl making the 
inhibitor operative.  
 
5.1 Recommendations 
Having studied the inhibition efficiency of PVP-AMPS on copper and brass in 
1M HCl, the following recommendations are made: 
 
1) The exploring of molecular dynamics simulations to study the adsorption 
mechanism of the inhibitor and different metal surfaces. 
2) The inhibitor should be tested on all metal surfaces that are susceptible 
to corrosion in different media. 
3) Researchers should focus on the further development of copolymer 
corrosion inhibitors for copper and brass that have the properties of scale 
inhibition and are eco-friendly. 
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